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Frontispiece 



The cover of this book depicts a Lamassu, one of the “fabulous” beasts of 
mythology. Like many similar creatures, it provides a highly successful example 
of xenotransplantation, having a human head set on an animal’s body - some- 
times that of a lion, but more often that of a bull - with wings that are believed 
to represent spiritual elevation. Its elegantly bearded head wears a headdress 
shaped like a crown, denoting the divine character of this “Great Winged Bull 
of Babylon.” Lamassu were considered to be kindly figures, specifically acting 
as guardian divinities of cities. 




Foreword 



This is a time of excitement and progress in the field of xenotransplantation. The 
work described in this book traces the development of the science of cross-spe- 
cies transplantation, summarizes the current state of our knowledge, and focuses 
on approaches directed toward future clinical application. 

The important question is not whether xenotransplantation will succeed, but 
rather how and under what circumstances xenografts will provide predictable 
enough results to warrant clinical application. The fact that the best results to 
date in clinical xenografting were achieved over three decades ago should not 
be a matter of discouragement, but rather a stimulus to apply new approaches 
to this area of work. 

The shortage of human organs for transplantation is cited frequently as the 
driving force behind the increased interest in xenotransplantation. This shortage 
is an undeniable fact, but there are additional potential advantages of xenotrans- 
plantation, such as the ability to schedule replacement surgery on an elective 
basis and the modification of animals, organs, and tissues to improve acceptabil- 
ity in the human host. 

The advances in the basic science of xenotransplantation outlined in this book 
give hope that the immunologic barriers to xenotransplantation will be overcome 
and that transplanted organs and tissues will succeed consistently in humans. 
However, if our experience with human allografts provides an analogy, we may 
anticipate that clinical progress in xenografts will be plagued by failures and 
rewarded by successes, often without a complete understanding of the mechan- 
isms involved. 

It is essential that clinical research in xenotransplantation be confined to care- 
fully defined circumstances in which established treatments are not available and 
the risks, to the patients and others, are as clearly understood as possible. We 
may be assured that xenografts will be scrutinized by the scientific community 
and the public, and we must be certain that our efforts are perceived as appro- 
priate exploration of new approaches to human illnesses. 

The work described in this book gives reason for cautious optimism that we 
are approaching a new era in the replacement of organs, tissues, and cells in the 
treatment of human disease. 



May, 1996 



Keith Reemtsma 
New York, USA 




Preface 

D.K.C. Cooper 



Successful clinical xenotransplantation, together with immunological tolerance, 
has been one of the “holy grails” of transplant surgeons for most of the present 
century. Men of vision, such as Nobel laureate Alexis Carrel, saw its potential as 
early as 1907. Carrel was remarkably astute in his observations [1]: 

The organs of the anthropoid apes are perhaps able to tolerate human plasma. 
But nothing precise is known in that respect. Besides, anthropoid apes are 
very expensive, and difficult to handle. Their use would probably be imprac- 
ticable. The ideal method would be to transplant on man organs of animals 
easy to secure and operate on, such as hogs, for instance. But it would in 
all probability be necessary to immunize organs of the hog against the 
human serum. The future of transplantation of organs for therapeutic pur- 
poses depends on the feasibility of hetero (xeno)transplantation. 

This paragraph, written in the first decade of this century, could just have 
easily been written - with one or two refinements - within the past 5 years. 
Although we are not actually planning to “immunize” hog organs against 
human serum, Carrel’s concept is not greatly different from the genetic engineer- 
ing of donor pigs. 

Since 1907, bursts of experimental and/or clinical activity have taken place at 
intervals, frequently accompanied by predictions that xenotransplantation would 
become a clinical option “within the foreseeable future.” In the Introduction to 
the first edition of this volume, we drew attention to just such a prediction by 
no less an authority than Sir Peter Medawar, another Nobel laureate, who 
made the following remarks in 1969 [2]: 

A new solution is therefore called for: the use of heterografts - that is to say, 
of grafts transplanted from lower animals into man. Of the use of heterografts 
I can say only this: that in the laboratory we are achieving greater success with 
grafts between species today than we achieved with grafts within species 
15 years ago. We shall solve the problem by using heterografts one day if we 
try hard enough, and maybe in less than 15 years. 

His optimistic prediction - like so many - has unfortunately not been ful- 
filled, thus confirming the wisdom of the following pronouncement (which 
Keith Reemtsma attributes to a leading American politician): “Predictions are 
risky, especially about the future!” 

No wonder that those with a more cynical outlook have said that “the future 
of transplantation is xenotransplantation, and always will be!” 
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Preface 



Nevertheless, since the first edition of this volume was published in 1991, we 
do appear to have made some real progress in our understanding of the immu- 
nobiology of xenotransplantation and in developing potential therapeutic strate- 
gies that might overcome the considerable hurdles that face us. We therefore have 
reason for cautious optimism. However, as we have learned from past experience, 
progress in research is never as fast as we would wish; disappointments and set- 
backs will almost certainly confront us during the next few years. The ever-per- 
ceptive Sir Roy Caine perhaps accurately summarized our present position 
recently with his own prediction: “Clinical xenotransplantation is just around 
the corner, but it may be a very long corner!” 

If we are successful, however, the rewards will be immense, and we shall have 
contributed to one of the greatest medical advances of the modern era. Unfortu- 
nately, until that time, there will always be those who question the need for xeno- 
transplantation, and its feasibility and ethics. To those we can reply in the words 
of one of George Bernard Shaw’s characters who, in the play Back to Methuselah, 
said, 

“You see things: and you say ‘why?’ 

Always ‘why?’ 

But I dream things that never were: 

And I say ‘why not?’“ 
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Since the first edition of this book was published in 1991, the field of xenotrans- 
plantation has enjoyed a striking and gratifying rate of progress. This reflects in 
part the high level of enthusiasm among those in the field of transplantation for 
the idea that xenotransplantation may finally be approaching clinical application. 
This progress also reflects a change in the approach to inquiry in this field. The 
empirical approach, testing therapeutic agents singly or in combination for 
effects on graft survival, has been supplanted by attention to research design, 
focusing on the immunologic and other biological hurdles to xenotransplanta- 
tion. Although this rapidly evolving field has not yet progressed to clinical rea- 
lity, it would surprise none of us if this goal was soon achieved. 

One important change is in our overall understanding of the mechanisms of 
hyperacute rejection and in the experimental models that reflect these mechanisms. 
It is now apparent that some of the classical models in xenotransplantation, such as 
the guinea pig-to-rat organ transplant and the pig-to-dog organ transplant, do 
not fully represent the immunological mechanisms which give rise to hyperacute 
rejection in primate recipients. The rejection of organs from pigs or other lower 
mammals by primates is now known to be initiated by the binding of xeno- 
reactive antibodies to those organs, which leads to complement activation and an 
ensuing series of pathophysiologic events. In contrast, rejection in guinea pig-to- 
rat and pig-to-dog models may occur independently of antibody binding. Further- 
more, the antibodies comprising the xenoreactive antibody repertoire in these 
lower animals differ substantially from the xenoreactive antibodies in humans. 

While it might have been presumed that the antibody-antigen interactions 
that give rise to hyperacute rejection reflect many specificities in the xenograft 
donor, research in recent years has taught us the surprising lesson that practi- 
cally all of the xenoreactive antibodies of importance in primates, including 
humans, are directed against Galai-3Gal, a carbohydrate expressed on the vascu- 
lar endothelium of New World monkeys and lower mammals but not by humans, 
apes and Old World monkeys. Not only is there one major epitope, but it now 
appears that the xenoreactive antibodies which recognize that epitope are more 
homogeneous than previously imagined. While much of the early work on 
these antibodies focused on IgG, it is now clear that the isotype which fixes com- 
plement and which is likely responsible for initiating hyperacute rejection con- 
sists largely of IgM. 

Another area of striking progress has been in our understanding of how the 
complement system becomes involved in xenograft rejection. Some years ago it 
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was hypothesized that a xenograft might be especially sensitive to complement 
because of the relative incompatibility of the complement regulatory proteins 
(such as decay accelerating factor and CD59) intrinsic to the xenograft with 
the complement system of the recipient. This idea has now been tested and pro- 
ven correct. Thus the occurrence of hyperacute xenograft rejection in primate 
recipients depends on two factors: (1) the interaction of antibody with Galai- 
sGal, leading to activation of the complement cascade and (2) the heightened 
susceptibility of a xenograft to complement-mediated injury. 

A further area of progress has been in our understanding of the cellular and 
molecular events which, triggered by the host’s complement system or immune 
and inflammatory cells, cause injury to the xenograft. The pathological picture 
of xenograft rejection would appear to result from changes in the functioning 
of vascular endothelial cells in the graft, which include changes in the barrier, 
coagulant, and inflammatory properties of the endothelium. 

It was once thought widely that hyperacute rejection is the major barrier to 
xenotransplantation. This view is rapidly being reconsidered as investigators 
have recently recognized that another type of rejection, variously termed 
“acute vascular xenograft rejection” or “delayed xenograft rejection,” which 
arises in discordant xenografts when hyperacute rejection is averted, causes a 
second daunting hurdle. This type of rejection appears to be distinct from hyper- 
acute rejection, not only in its time of onset but also in its pathogenesis. Whether 
it represents mainly an immunologic insult or an incompatibility of the graft to 
the host is not yet clear, nor is it clear whether this hurdle will be overcome in a 
clinically acceptable manner. However, some encouraging results have surfaced, 
suggesting that interfering with antibody-antigen interactions may overcome 
this problem also. 

Until recently, the cellular immune response to a xenotransplant could only be 
estimated on the basis of in vitro studies, which have proved notoriously fickle in 
the prediction of alloimmune responses. However, the recent use of mutant mice 
with defined immune defects has clarified some aspects of the cellular immune 
response which might be relevant to xenotransplantation. Furthermore, a better 
understanding of the molecular events associated with T cell activation has 
allowed more critical inquiry into the likely mechanisms by which human T 
cells would become engaged and activated upon exposure to xenogeneic grafts 
or antigen presenting cells exposed to antigens from such grafts. In contrast to 
a previous theory held by some in this field, new evidence suggests that the 
cellular immune response may be as powerful, or even more powerful, than 
the cellular immune response to allotransplantation. In addition, the potential 
role of natural killer (NK) cells has emerged as an important area of study. 
That the cellular immune response to a xenotransplant may prove to be the 
major limiting factor to clinical application remains a possibility. 

Some advances have emerged in part from advances in therapeutics. The use 
of specific inhibitors of the antibody-antigen interaction and of complement 
activation, and the application of transgenic techniques to this field have yielded 
many gains. Anti-aGal antibody can now be depleted from the plasma by the use 
of extracorporeal immunoadsorption using immuno affinity columns of aGal oligo- 
saccharides, a technique which significantly delays humoral xenograft rejection. 
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The concept of infusing specific oligosaccharides to “neutralize” or inhibit these 
antibodies in the circulation has been introduced. Complement depletion or inhi- 
bition by such agents as purified cobra venom factor or soluble complement 
receptor i similarly overcome hyperacute rejection, although not delayed vascular 
rejection. 

The development of transgenic pigs expressing human complement regulatory 
proteins has made it possible not only to test the contribution of these proteins 
to the immunological hurdle to xenotransplantation, but has also provided a 
potent tool for interfering with complement-mediated injury while leaving host 
defenses intact. Similarly, the concepts of (a) preventing the synthesis of 
Galai-3Gal by knockout techniques of genetic engineering or (b) competitively 
inhibiting its synthesis by the introduction of another glycosyltransferase, 
e.g., ai,2-fucosyltransferase, have been advanced, and there already exist geneti- 
cally engineered animals in which the expression of Galai-3Gal has been notably 
diminished by these approaches. Increasing interest in the cellular immune 
response to a xenotransplant has led to increasing interest in the development 
of approaches that may bring about immunological tolerance. 

With the increasing awareness that clinical application of these therapeutic 
advances is drawing closer, awareness of the nonimmunologic problems facing 
us has been heightened. Concerns have been raised regarding the risks of trans- 
ferring serious infection from donor animal to human host; to differentiate this 
type of disease transfer from the usual zoonosis, the terms “xenozoonosis” or 
“xenosis” have been suggested. Initial studies have been carried out to determine 
and minimize these risks, but more sophisticated research in this area is clearly 
required. Other concerns, such as the possibility of inducing malignant change 
from the transfer of endogenous retroviruses, may emerge as longer-term survi- 
val of xenografts is achieved. Likewise, comparative studies of human and donor 
species morphology and physiology may become a central issue, particularly 
with regard to donor organ function in the human metabolic environment. 

Discussions regarding the “ethics” of xenotransplantation have been progres- 
sing for many years, but many of the questions raised relate to uncertainties in 
regard to the risks of infection, etc. This discussion will become greatly simpli- 
fied as our knowledge of these matters expands. 

What can we expect as the coming years unfold? A few groups have indicated 
that they are poised to carry out clinical xenotransplants using nonhuman pri- 
mates as organ donors, though there is a growing feeling that these species 
will not resolve the problem of donor supply and that this is not the direction 
in which we should proceed. Tissue grafts from primates and lower species, 
such as the pig, for the treatment of various human diseases are also anticipated. 
Indeed, the application of xenogeneic cells and tissues for purposes other than 
organ replacement appears to be gaining ground, with exciting dimensions. 
Some protocols have already been approved by regulatory agencies, and early 
studies have been undertaken. 

The overwhelming challenge, however, is the application of xenotransplanta- 
tion as an approach to permanent organ replacement. While this may seem a dis- 
tant prospect, the use of animal organs as “bridging” transplants may accelerate 
progress towards this end. Not only do xenogeneic cells, tissue, and organs offer 
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the opportunity of an unlimited supply, they also offer the opportunity for 
genetic engineering. Indeed, it can be envisioned that xenotransplantation may 
become a far broader field than allotransplantation ever was. 

We are surely participating in one of the great medical adventures of the mod- 
ern era, which has the potential to revolutionize the treatment, not only of end- 
stage organ disease, but also of an increasing variety of other disease processes. 
Hopefully, before the time comes for the third edition of this volume to be pre- 
pared, we shall have seen the results of our research efforts successfully trans- 
lated to the clinical arena. 




II Immunobiology of Xenograft Rejection 




2 Hyperacute Xenograft Rejection 

J.L. Platt 



Introduction 

An organ from a donor of one species transplanted into a recipient of another 
species is subject to hyperacute xenograft rejection. Some combinations of 
donor and recipient species give rise almost invariably to hyperacute xenograft 
rejection; these combinations have been called “discordant” [i]. Some combina- 
tions of donor and recipient species are less apt to give rise to hyperacute xeno- 
graft rejection; these combinations have been called “concordant.” Since in a given 
species combination, hyperacute xenograft rejection occurs nearly always or not 
at all, hyperacute xenograft rejection has been widely believed to have a genetic 
basis and to be a reflection of phylogenetic distance between the donor and the 
recipient [2-4]. During the past several years, the molecular basis for hyperacute 
xenograft rejection has been elucidated, at least in part, and thus it has become 
possible to define the mechanisms of susceptibility to rejection without resorting 
to the imprecision of a phylogenetic classification. The sections that follow will 
summarize the mechanisms contributing to the susceptibility to hyperacute 
xenograft rejection and how these mechanisms contribute to the devastating 
pathological changes characteristic of that lesion. 



Mechanisms of Susceptibility to Hyperacute Xenograft Rejection 

The development of hyperacute rejection depends absolutely on the activation of 
complement. In every experimental model studied thus far, activation of comple- 
ment is detected when hyperacute rejection is observed and if activation of com- 
plement is inhibited, hyperacute rejection does not occur. Thus, in considering 
the immunology of hyperacute rejection, the mechanism(s) by which the comple- 
ment system become activated is a central issue. 

On a theoretical basis, there are three mechanisms which might account for 
the activation of complement in a xenograft and thus to the initiation of hyper- 
acute xenograft rejection (Fig. 1). 
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NA specificity C activation 



CRP specificity NK specificity 

Fig.1. Mechanisms of initiation of hyperacute xenograft rejection. Activation of complement (C) 
is a critical step in the development of hyperacute acute rejection. Complement motivation may 
be initiated by the binding of xenoreactive antibodies (XA) {upper left) or by the spontaneous 
formation of C3bBb complexes due in part to failure of factor H to control complex formation 
on heterologous surfaces {upper right) and/or by direct activation on donor cells. Complement 
activation is likely amplied because complement regulatory proteins {CRP) in the donor organ 
fail to control the reactions adequately. In addition, tissue injury might be mediated by natural 
killer {NK) cells 




Activation of the Classical Complement Pathway 

The classic concept has been that the rejection of a xenogeneic organ is initiated 
by xenoreactive antibodies which, binding the corresponding antigens in the 
organ transplant, activate complement. This mechanism clearly predominates 
in pig-to-primate xenografts. The essential role of xenoreactive antibodies in 
initiating hyperacute rejection in pig-to-primate organ xenografts is suggested 
by the following observations: 

1. Tissue samples from organs undergoing hyperacute rejection invariably con- 
tain immunoglobulin of the recipient codeposited with components of the 
classical complement pathway along the endothelial lining of blood vessels 
but only focal deposits of alternative pathway components [5-7]. 

2. Depletion of xenoreactive antibodies from a xenograft recipient prolongs graft 
survival, even when the complement system of the recipient remains intact 

[7-9]. 

3. Transplantation of a porcine organ into a newborn baboon which lacks xenor- 
eactive antibodies but which has an intact complement system does not result 
in hyperacute rejection [10]. 

Among the recent advances in understanding the pathogenesis of hyperacute 
xenograft rejection is the discovery that human xenoreactive antibodies recog- 
nize predominantly Galai-3Gal [11], a sugar first described by Eckhardt [12]. 
The phylogenetic expression of this sugar and of natural IgG antibodies specific 
for it were elucidated by Galili [13]. Galai-3Gal is synthesized by lower mammals 
and New World monkeys, which express a functional ai,3-galactosyltransferase 
gene, but not by humans, apes and Old World monkeys, which have instead 
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two pseudogenes [14, 15]. The enzyme ai,3-galactosyltransferase adds galactose 
via an a-linkage to Gaipi-4GlcNAc-R to yield Galai-3Gaipi-4GlcNAc-R. Animals 
which do not express ai,3-galactosyltransferase have naturally occurring antibo- 
dies against Galai-3Gal [14, 16]. Based on this phylogenetic relationship, Good et 
al. tested the ability of Galai-3Gal versus other sugars to block binding of natural 
antibodies to porcine cells [11]. High concentrations (mM) of a-galactosyl sugars 
did in fact block the binding of human natural antibodies, whereas other sugars 
did not [11]. Consistent with the potential importance of this epitope, Sandrin et 
al. showed that transfection of COS cells with cDNA for ai,3-galactosyltransferase 
causes de novo expression of Galai-3Gal and confers sensitivity to lysis by 
xenoreactive antibodies and complement [17]. Collins with the author demon- 
strated that elimination of the sugar from porcine cells would render the cells 
resistant to human xenoreactive antibodies [18]. Collins also used the phylogeny 
of expression of Galai-3Gal and of antibodies specific for it to demonstrate the 
importance of this sugar in a xenotransplantation model [19]. All of these stu- 
dies, thus suggest that to the extent that expression of Galai-3Gal distinguishes 
two species, that difference and not phylogenetic distance per se is sufficient to 
confer susceptibility to hyperacute rejection. This is not to say that phylogeny is 
entirely unimportant, as it will be seen presently that susceptibility to comple- 
ment mediated tissue injury is dictated by factors altogether different from anti- 
gen expression. 

The antibodies responsible for provoking hyperacute rejection in pig-to-pri- 
mate xenografts are for the most part IgM. Xenoreactive IgM bound to porcine 
endothelial cells activates complement [9, 20-22], whereas xenoreactive IgG does 
not [23]. These xenoreactive IgM are very much like isohemagglutinins in their 
functions and concentrations in the plasma [24]. Given the similarity between 
xenoreactive antibodies and isohemagglutinins and the similar densities of the 
corresponding antigens on endothelial cell surfaces, Parker has suggested that 
the experience of ABO-incompatible organ transplantation may be relevant for 
understanding xenotransplantation, the main difference being the presence in 
the allograft complement regulatory proteins effective against the recipient’s 
complement but not in the xenograft [24]. 



Activation of the Alternative Complement Pathway 

A second mechanism which might contribute to hyperacute xenograft rejection 
involves the activation of the complement system of the recipient via the alterna- 
tive pathway on the donor organ, independently of antibody binding. The basis 
for this mechanism, in most cases, is the failure of factor H in the recipient’s 
plasma to control assembly of the alternative pathway C3 convertase. In some 
instances, binding of xenoreactive IgG or IgA to a foreign surface might impair 
the interaction of that surface with factor H, contributing to same mechanism. 
Activation of the alternative pathway initiates hyperacute rejection of guinea 
pig-to-rat and rabbit-to-newborn pig xenografts and probably also in pig-to- 
dog xenografts [25-27]. Hyperacute rejection in these species combinations is 
particularly rapid and violent, and thus it is fortunate that this mechanism 
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does not prevail in pig-to-primate xenografts. That is not to say that the alterna- 
tive pathway of complement is not activated in pig-to-primate transplants, as it 
surely is; rather, in this case the activation of the alternative pathway is depen- 
dent on classical pathway activation, which in turn depends on antibody binding. 
Nor does the utilization of the alternative complement pathway as a primary 
mechanism of complement activation exclude a contribution of the classical 
pathway; in guinea pig to rat xenografts, there is good evidence for the existence 
of complement-fixing xenoreactive antibodies [27]. 



Species-Restricted Functioning of Complement Regulatory Proteins 

A third mechanism which may contribute to the susceptibility to hyperacute 
xenograft rejection is the species-restricted functioning of cell-associated com- 
plement regulatory proteins. Several years ago, Dalmasso [4, 28] and Miyagawa 
[25] proposed that a xenograft might be especially susceptible to complement- 
mediated injury because cell membrane-associated complement regulatory pro- 
teins, such as decay accelerating factor and CD59, which protect the organ 
against inadvertent injury by homologous complement under physiologic condi- 
tions, might fail to control activation of heterologous complement. Based on that 
concept. White [29], Fodor et al. [30], and the author and colleagues [31] 
developed transgenic animals expressing human complement regulatory proteins, 
anticipating that the organs of such animals would resist injury by heterologous 
complement. Our recent experiments involving transplantation of organs from 
transgenic pigs expressing human complement regulatory proteins (decay-accel- 
erating factor and CD59) at low levels into nonhuman primates, tested this idea 
[32> 33]. In most cases hyperacute rejection did not occur, demonstrating that 
complement regulation is indeed an important element of the susceptibility to 
hyperacute rejection of porcine organs by primates. Thus in pig-to-primate xeno- 
grafts, discordance can be viewed as a consequence of the expression of Galai- 
3Gal and the functional limitations of complement regulatory proteins in the 
donor and the presence of anti-Galai-3Gal antibodies and “heterologous” com- 
plement in the recipient. The reader is referred elsewhere in this volume for 
further discussion of this subject. 

Potential Roles of Natural Killer Cells and Antibody-Dependent 
Cell-Mediated Cytotoxicity 

In addition to the importance of complement in hyperacute rejection, there has 
been interest in the possibility that natural killer (NK) cells or the mononuclear 
cells that mediate antibody-dependent cell-mediated cytotoxicity (ADCC) might 
mediate or contribute to the destruction of a discordant xenograft. This interest 
has been stimulated in part by Inverardi’s finding that NK cells accumulate in 
organs perfused by xenogeneic blood and that xenoreactive IgG antibodies pro- 
mote the accumulation of these cells [34]. The possibility that NK cells might 
contribute to tissue injury is supported on theoretical grounds by observations 
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that these cells express receptors for major histocompatibility complex (MHC) 
class I antigens and under physiologic conditions the receptors deliver inhibitory 
signals. Presumably these MHC receptors do not recognize xenogeneic MHC 
molecules accounting for susceptibility to cell mediated injury. Also in favor of 
this idea is the observation that natural killer cells or cells mediating ADCC 
have immunoregulatory Fc receptors. 

On the other hand, there are some important arguments against a role for NK 
cells. First there are no reports describing large numbers of NK cells in hypera- 
cute rejection and there are a number of reports in which very few infiltrating 
cells of any type are seen. Second, the importance of NK cells in hyperacute 
rejection is not supported by the dramatic effects of complement inhibitors in 
preventing tissue injury. Finally, recent work by Magee and the authors showed 
that the administration of y-globulin to primates actually prevents hyperacute 
rejection [23], while one might expect that this agent would enhance NK cell- 
mediated injury. Thus, if NK cells are important in the pathogenesis of xenograft 
rejection, it is probably in acute vascular xenograft rejection, rather than in 
hyperacute rejection. 



Pathogenesis of Hyperacute Xenograft Rejection 

The pathological hallmarks of hyperacute rejection include hemorrhage, wide- 
spread thrombosis, particularly involving platelets, and ischemia [7, 35]. These 
changes, seen within minutes of the reperfusion of a xenograft, are followed in 
some cases by the focal influx of neutrophils and formation of fibrin thrombi. 
This pathological picture, together with the immunopathology revealing deposits 
of antibody and complement along graft endothelium, suggest the lesions of 
hyperacute rejection might be brought about by global dysfunction of endothelial 
cells [4, 20, 36]. The question then is how activation of complement along the 
blood vessels of a xenograft might cause such rapid and profound changes in 
endothelial function. 

One mechanism for the pathogenesis of hyperacute rejection might involve 
complement-mediated lysis of endothelial cells. The lysis of some endothelial 
cells would lead to the disruption of the integrity of blood vessels, loss of vascu- 
lar contents and exposure of platelets to underlying matrix leading to platelet 
adhesion, aggregation and activation and local vasoconstriction due to loss of 
nitric oxide. Consistent with this possibility are recent studies showing that 
hyperacute rejection does not occur in C6-deficient recipients and thus presum- 
ably requires assembly of terminal complement complexes [37]. On the other 
hand, examination of tissue samples obtained shortly after reperfusion of xeno- 
grafts, when hyperacute rejection is beginning, does not reveal widespread lysis 
of endothelial cells; in fact, lysis is not regularly seen until very late in the course 
of rejection. Thus noncytotoxic lesions are probably sufficient to cause rejection 
in many cases. 

The author and coworkers have investigated complement-mediated changes in 
the function and structure of endothelial cells which might account for the 
pathogenesis of hyperacute rejection. As a working model, Saadi has suggested 
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that hyperacute rejection might in fact reflect a loss of endothelial functions [36]. 
One potential mechanism involves the loss of heparan sulfate from endothelial 
cells [20]. Heparan sulfate is a protein-polysaccharide glyco conjugate which sup- 
ports many endothelial functions including the barrier to cells and plasma pro- 
teins, anticoagulation, and protection from oxidants and complement [38]. A sub- 
stantial amount of heparan sulfate is lost from endothelial cells within minutes of 
exposure to anti-endothelial cell antibodies and complement [39]. This process 
also occurs in vivo at a tempo that could account for some of the alteration in 
vascular function observed in hyperacute rejection [40]. 

Another mechanism by which endothelial function might be lost may involve 
a change in endothelial cell shape which eventuates in the formation of intercel- 
lular gaps [41]. The gaps which are formed in response to Csbb/ complexes and 
accelerated by the membrane attack complex may explain the loss of vascular 
integrity and the tendency of platelets to accumulate along the junctions between 
endothelial cells. 

The binding of natural antibodies, activation of complement or the secreted 
products of platelets might cause the expression of P selectin and von Willebrand 
factor on the endothelial cell surface [42, 43]. These changes would likely pro- 
mote platelet and neutrophil adhesion and coagulation altering the coagulant 
posture of endothelium. The direct interaction of xenoreactive antibodies with 
carbohydrate epitopes on endothelial cell integrins and von Willebrand factor 
[22] might also affect endothelial cell functions. 



Comment 

Hyperacute rejection is, arguably, the most explosive and destructive type of 
immunologic injury. Much progress has been made in understanding the 
immune basis for this condition and in developing effective therapies to over- 
come it. The extent of this progress is reflected by the prevailing view of the 
immunological hurdles to xenotransplantation - while hyperacute rejection was 
once viewed as the major hurdle to xenotransplantation, it is no longer viewed 
as such by many in this field. There are now therapeutic strategies in hand 
that can prevent hyperacute rejection in the majority of cases and which in com- 
bination may eliminate the risk of this devastating process. Moreover, while even 
the smallest risk of hyperacute rejection is usually considered a contradiction to 
conducting a clinical allotransplant, this same risk may be less important in 
xenotransplantation. Allotransplants which might lead to hyperacute rejection 
are contraindicated in part because human organs are in short supply and as a 
result there is the tendency to commit organs to recipients whose risk of reject- 
ing the organ is lowest rather than to those in greater need. Were the supply of 
organs unlimited, the decisions for or against transplantation could be based on 
the best interests of the patient. 
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Introduction 

For over three decades the pathogenesis of xenograft rejection has been thought 
to begin with the binding of xenoreactive natural antibodies to the graft [i]. 
Antibody binding activates the complement system which in turn mediates tissue 
injury [2]. Accordingly, interrupting this series of events either by removing anti- 
body from the recipient [1] or by depleting complement [3] prevents rejection, at 
least for a time. While the overall paradigm is a simple one, there are some 
aspects of this process which are more complex than the statement would suggest 
and it has been our view that the study of these processes may shed light on 
more fundamental scientific issues and may in the end offer insights of practical 
use. 



Role of the Endothelial Cell in Xenotransplantation 

One of our earliest contributions to this field was in advancing the concept that 
the endothelial cell is the target of the immune reaction leading to the rejection 
of a vascularized xenograft and an instrument mediating the severe tissue injury 
characteristic of graft rejection. As a corollary to this concept we proposed that 
cultured endothelial cells might offer the best model for analyzing the events 
associated with rejection. Thus, in 1990, we proposed that cultured endothelial 
cells could be used as the target for assaying xenoreactive antibodies [4] and 
as a model system for analyzing the cellular and biochemical responses caused 
by antibody binding and complement activation in a xenograft [5]. 

One technique we described was an immunoassay in which porcine endothelial 
cells cultured in microwells would be used to measure antibody binding. This 
assay had the advantage of providing a cellular surface which in terms of epitope 
composition, density and configuration may approach the circumstances prevail- 
ing in a xenografted organ. Consistent with this concept were our own recent 
studies which revealed that 80 %-ioo % of the antibodies adsorbed from a 
serum by cultured endothelial cells are absorbed during perfusion of a xeno- 
geneic organ and that all of the antibodies which bind specific to a xenogeneic 
organ also bind to the cultured cells [6]. 

Cultured endothelial cells have also allowed us to elucidate some of the pro- 
cesses which likely contribute to tissue injury and rejection of xenografts. The 
simplest explanation for the pathogenesis of xenograft rejection is that it results 
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from the complement mediated lysis of graft endothelial cells. While this expla- 
nation is undoubtedly correct in some cases, it clearly fails to explain the early 
lesions of hyperacute rejection which include changes characteristic of vital, 
metabolically active cells [7, 8]. Given these observations, our first investigations 
in the field of xenotransplantation were aimed at elucidating noncytotoxic 
mechanisms of endothelial cell injury. We focused this inquiry on heparan sulfate 
proteoglycan, a protein polysaccharide glyco conjugate which is present on all 
nucleated cells and which contributes to such endothelial functions as the main- 
tenance of endothelial integrity, anticoagulation, protection from oxidant and 
complement mediated injury and attachment of endothelium to underlying 
matrix [9]. Our initial studies revealed that, within minutes of the binding of 
antibodies to porcine endothelial cells and the activation of complement, heparan 
sulfate is shed in large amounts from the cells. The shedding of heparan sulfate 
proteoglycan deprives endothelial cells of the function of this molecule and, as 
Wrenshall with the author have shown, through interaction of the solubilized 
molecules with antigen presenting cells may contribute to the induction of 
proliferative and cytolytic T cell responses [10, 11]. 

Another mechanism we postulated might account for the very rapid develop- 
ment of hemorrhage and thrombosis in hyperacute xenograft rejection is loss of 
endothelial integrity allowing escape of vascular contents and exposure of circulat- 
ing platelets to the underlying matrix. That this mechanism might in fact contri- 
bute to the rejection process was suggested by Saadi who demonstrated that within 
minutes of the formation of Csbby complexes on endothelial cell surfaces, there 
occurs a change in cell shape leading to the formation of intercellular “gaps” 
[12]. The formation of gaps may allow the escape of components of the blood 
from blood vessels and bring platelets in contact with the underlying matrix. 

The study of endothelial cell physiology has also contributed to understanding 
the pathogenic mechanisms leading to other manifestations of xenograft rejec- 
tion. Leventhal with the author was the first to describe a type of lesion seen 
in xenografts when hyperacute rejection is averted. This lesion was called 
acute vascular xenograft rejection [13]. 

One characteristic feature of acute vascular xenograft rejection is the wide- 
spread formation of fibrin thrombi. To elucidate the mechanisms which might 
contribute to this process, Saadi with the author investigated the coagulant 
properties of endothelial cells exposed to xenoreactive antibodies and comple- 
ment [14]. Formation of the membrane attack complex on porcine endothelial 
cells was found to cause a profound increase in the synthesis of tissue factor, 
a cofactor for the prothrombinase complex. Based on this and related findings, 
Saadi has proposed that acute vascular xenograft rejection arises in part due 
to the procoagulant posture of affected endothelium. 

Another contribution of endothelium to xenograft rejection relates to its 
intrinsic susceptibility to complement. This susceptibility which is owed to the 
species specific functioning of cell-associated complement regulatory proteins 
was first pointed out by Dalmasso [15] and Miyagawa [16]. We recently carried 
out the first experiments testing this concept in xenotransplantation [17, 18]. 
Transplantation of organs from transgenic pigs with human decay accelerating 
factor and CD59 expressed by a variety of promoters is associated with a remark- 
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able decrease in tissue injury and without other relevant therapies the avoidance 
of hyperacute rejection in most cases [18-20]. 



Role of the Antigenic Targets 

It was our original hypothesis that the binding of xenoreactive antibodies to anti- 
genic targets on endothelial cell surfaces might have two pathogenic roles: (1) the 
activation of complement, clearly an essential step in the pathogenesis of rejec- 
tion and (2) the perturbation of the target molecules^ themselves leading to 
alteration in endothelial cell physiology [15, 21, 22]. It is now clear that these 
mechanisms may be related to the structural and functional properties of the 
proteins core bring antigenic epitopes. 

Recent work in a number of laboratories including our own has revealed that 
the epitope recognized by xenoreactive natural antibodies is Galai-3Gal. We 
have shown that it is to this epitope, associated predominantly with endothelial 
cell glycoproteins, that xenoreactive natural antibodies bind when human or non- 
human primate blood is passed through an organ such as a pig kidney in which 
Galai-3Gal is expressed [23-25]. While it might seem on the basis of in vitro 
analysis that expression of the relevant carbohydrate would provide a sufficient 
basis for antibody binding, this supposition is in fact not supported by some 
of our in vivo studies. 

We have found that the nature of the glyco conjugate as a whole on which an 
epitope is expressed has a profound impact on the binding of xenoreactive anti- 
bodies. This effect reflects in part the relatively low affinity characteristic of the 
interaction of single antigen combining sites on xenoreactive antibodies and the 
corresponding epitope. Thus xenoreactive antibodies will bind to any Galai-3Gal 
in solid phase assays in which the epitopes are artificially clustered, but the anti- 
bodies seem to be more selective when binding to a cell surface. As evidence for 
this idea we have found that the binding of xenoreactive antibodies to the surface 
of cells bearing the same amount of Galai-3Gal ranges over sevenfold in quantity 
[26]. Presumably, the basis for this wide range is the three-dimensional array in 
which the epitope is presented. As further evidence, we found that in inhibition 
assays, the glycoproteins bearing Galai-3Gal extracted from cell membranes are 
more than one million fold more effective on a molar basis than purified sugar at 
inhibiting antibody binding to a cell surface. The effectiveness reflects in part the 
fact that the glycoproteins bear more than one epitope; however, this explanation 
is not by itself sufficient, as the cell membrane glycoproteins have fewer epitopes 
than porcine thyroglobulin; yet the cell membrane glycoproteins are more effec- 
tive than thyroglobulin at blocking antibody binding. The best explanation for 
these observations is that the very high avidity of antibody binding to cell sur- 
faces reflects at least in part the three-dimensional arrays in which the epitope is 
expressed. 

The protein core on which Galai-3Gal is expressed may also be important in 
determining the biological outcome of antibody binding. We have shown that 
human xenoreactive antibodies recognize carbohydrate substitutions on porcine 
endothelial cell integrins [23, 24]. Several of the integrins recognized are thought 
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to contribute directly to endothelial integrity and thus it is possible that the 
binding of antibodies to these structures causes a loss of barrier function. Integ- 
rins also can transduce signals and it would seem not unlikely that the attach- 
ment of xenoreactive antibodies to endothelial cell integrins may initiate signal- 
ing that contributes to activation of endothelial cells. 



Role of Xenoreactive Antibodies 

Until recently, very little was known about the antibodies which initiate the rejec- 
tion of xenografts. Xenoreactive antibodies can be detected by one technique or 
another in the serum of all mammalian species [27]; however, which of these 
antibodies might be important in mediating biologically relevant effects was 
uncertain. 

One of our early observations was that xenoreactive IgM may be especially 
important in the pathogenesis of rejection. This idea was based on the immuno- 
pathology of rejecting xenografts which revealed that IgM of the recipient would 
often deposit on graft endothelium before IgG and sometimes deposition of IgG 
was not observed [7]. The importance of the IgM antibodies was also suggested 
by the finding that depletion of IgM antibodies would eliminate the ability of a 
human serum to cause activation of porcine endothelial cells [5] and comple- 
ment-mediated cytotoxicity [28]. Recently, further evidence in support of this 
concept emerged from our studies in which IgG in the form of y-globulin was 
administered to xenograft recipients in an effort to control complement deposi- 
tion (see Chap. 31) [29]. Instead of mediating xenograft rejection, the IgG, which 
includes anti-GaIai-3Gal antibodies was found to prolong graft survival by 
diverting the activation of complement away from the graft. 

When Galai-3Gal was found to be an important epitope in xenotransplanta- 
tion nearly all information concerning antibodies against that structure derived 
from studies of IgG [30, 31]. Parker and the author studied the properties of 
xenoreactive IgM antibodies which consisted predominantly of IgM specific for 
Galai-3Gal [32]. The xenoreactive IgM antibodies were found to bind tightly to 
target cells, the effective avidity (Xassoc) being 10^-10"° M. The high avidity pre- 
sumably reflects multivalent interaction of xenoreactive IgM with the target cell 
surface. Of particular interest to us was the observation that the antibodies in a 
given serum were highly homogeneous in their binding to porcine endothelial 
cells, the binding resembling an oligoclonal population. Not only were the anti- 
bodies in one serum homogeneous, but the antibodies from different individuals 
exhibited very similar binding characteristics. Parker also found that in their ori- 
gin, concentrations in serum and functional properties, xenoreactive natural 
antibodies are indistinguishable from isohemagglutinins, suggesting that the 
anti-Galai-3Gal antibodies and anti-A and anti-B blood group antibodies are 
members of a family of natural antibodies [6]. Aside from the theoretical aspects 
of this observation there is the practical consideration that the immunological 
hurdle to porcine to primate xenotransplantation posed by xenoreactive antibo- 
dies may indeed resemble very closely the hurdle to ABO-incompatible trans- 
plantation, a barrier that is clinically assailable [33, 34]. 
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Nature of Accommodation 

Some years ago, the author with Chopek and Simmons made the remarkable 
observation that following the transplantation of an organ across a humoral 
ABO-blood group barrier facilitated by removal of the anti-A or anti-B antibo- 
dies from the recipient, the allograft would continue to function without evidence 
of tissue injury even after the anti-blood group antibodies returned to the circu- 
lation [33, 34]. Several years later the author observed a similar phenomenon in a 
xenograft and the phenomenon was termed accommodation [7, 15]. There are 
several possible explanations for accommodation, including a change in the prop- 
erties of anti-donor antibodies, a change in the antigen and an acquired resis- 
tance of endothelium to humoral injury. The mechanisms underlying accommo- 
dation are still uncertain, yet there is reason to think that it may reflect in part a 
benefit deriving from the interaction of xenoreactive antibodies and the antigens 
they recognize. 
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4 Major Carbohydrate Xenotransplantation Antigens 

R. Oriol and D.K.C. Cooper 



aGal Epitopes on Pig Vascular Endothelium 

The main difference in carbohydrate antigens expressed at the surface of vascular 
endothelium, between pig and man, is the presence of human histo-blood group 
ABH antigens in the same location where the pig expresses aGal linear antigens 
[i, 2]. Humans lack a-galactosyltransferase enzyme activity and, in spite of hav- 
ing the same lactosamine precursor chains and similar terminal sialylated anti- 
gens, are unable to make aGal epitopes (Tablet) [3]. 

About 1 % of the total normal human immunoglobulins are natural antibodies 
reacting with Galai-3Gaipi-4GlcNac (aGal epitope), which were first described 
12 years ago [3-7]. This antibody was later found to be responsible for the hyper- 
acute vascular rejection of pig organs perfused with human blood [8, 9], because 
the aGal epitope is present on pig vascular endothelial cells [2, 10-12]. During 
hyperacute vascular rejection, endothelial cells are lysed by recipient natural anti- 
bodies and complement, leading to infiltration with neutrophils, multiple throm- 
boses and interstitial hemorrhages [13-15]. Studies in our own laboratory indicate 
that the cytotoxic reaction is mediated by anti-aGal antibody and complement 
[16], and can be reproduced on monolayers of pig PK15 cells in culture by adding 
human natural antibodies and complement. Enzymatic removal of aGal epitopes 
from the membrane of pig cells, with coffee bean a-galactosidase, diminishes 
the cytotoxic effect of natural antibodies [17]. Alternatively, the cytotoxic effect 
of human serum on pig cells can be avoided (a) by removal of the anti-aGal anti- 
bodies from human serum using an aGal immunoabsorbent column or (b) by 
blocking the antibody binding sites with monovalent oligosaccharide haptens 
[18-20]. In this last case, the resulting antibody-hapten complex does not activate 
complement and consequently has no cytotoxic effect on pig cells [21]. In vitro 
experiments suggest that the appropriate oligosaccharide hapten, administered 
by the intravenous route, might be used as a treatment to prevent the in vivo 
hyperacute rejection of pig organs transplanted into human recipients [18, 22]. 



Tablet. The main oligosaccharide epitopes found on vascular endpthelium of the human and 
porcine species 



Human 


Porcine 


Gaipi 4GlcNAcpi -> R 

ABH^ Galpl ^ 4GlcNAcPl R 

NeuAcal ^ 3Gaipi ^ 4GlcNAcpi ^ R 


Gaipi-4GlcNAcpl-R 

Galtxl — > 3Gaipi — > 4GlcNAcpi — > R 

NeuAca2 -> 3Galpl ^ 4GlcNAcpi ^ R 


^A, GalNAcal 3(Fucal ^ 2); B, Galal -> 3(Fucal 2); H, Fucal 2. 
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Are There aGal-Negative Pigs? 

A search was made to ascertain whether the pig species is genetically poly- 
morphic for the expression of the aGal epitope and, furthermore, whether pigs 
devoid of the aGal epitope could be found. Unfortunately, all pigs tested (137 ani- 
mals belonging to 23 different breeds) from different areas of Europe, America, 
Asia, and Australia expressed the aGal epitope on vascular endothelial cells 
[23]. The aGal epitope was also found on the vascular endothelium of wild 
boars (R. Oriol et ah, unpublished). These observations suggest that the porcine 
species may be monomorphic for this antigen. However, a continuing search for 
aGal-negative pigs is worthwhile, because such animals might exist at very low 
frequency. Breeding of such aGal-negative pigs, if they are ever found, would 
be easier than producing aGal-negative pigs by genetic manipulation [24, 25]. 



Oligosaccharide Epitopes of the Vascular Compartment of Other 
Animal Species 

Since the porcine species appears to be monomorphic for expression of aGal epi- 
topes, other potential donors for xenotransplantation research (and clinical 
potential) were tested for the presence of this antigen. The Galai-3Galpi- 
4G1cNAc epitope reacts with human natural antibodies and with the isolectin 
I-B4 of Griffonia simplicifolia seeds (GSI-B4). This lectin was used to detect 
the presence of aGal epitopes on the vascular compartment of 23 animal species, 
together with the use of (a) anti-ABH human blood group antibodies, (b) peanut 
agglutinin lectin (PNA), which reacts with Galpi-3GalNAc, and (c) Lycopersicum 
esculentum lectin (tomato or LEL) which reacts with polylactosamine (Gaipi- 
4GlcNAc)n. 

Three main patterns of reactivity were found: (1) humans and Old World 
monkeys reacted with anti-ABH antibodies; (2) New World monkeys and lower 
mammals had aGal epitopes recognized by GSI-B4, in accord with previous 
reports [3]; (3) birds and reptiles had pGal epitopes recognized by PNA. Irrespec- 
tive of the above-mentioned fluorescence patterns, all the animal species studied 
had positive reactions with LEL, indicating that they all have precursor poly-lac- 
tosamine chains, but each of the three groups expressed different terminal non- 
reducing epitopes (Table 2) [26]. 

Within these three main patterns, different subgroups could be distinguished, 
according to the specific tissue distribution of the antigens. In the first group, 
humans express ABH strongly on both vascular endothelium and red cells, 
while baboons present a clear dissociation between vascular endothelium which 
is positive with anti-A or anti-B, and red cells which are always negative with 
ABH reagents [27]. 

In the second group, most domestic large mammals (calf, pig, dog, sheep, 
goat, and rabbit) demonstrated strong expression of aGal epitopes, while other 
mammals (mouse, rat, hamster, gerbil, guinea pig, capybara, llama, owl monkey) 
and a marsupial (wallaby) had rather weak expression of aGal epitopes. The kan- 
garoo family exhibits an upright posture, and consequently their hearts have the 
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Table 2. The three main patterns of carbohydrate- specific reactions identified on 
endothelium of different animal species 


the vascular 




Fluorescent 


reagents 






Animal Species 


ABH 

antibodies 


aGal 

GS1-B4 


pGal 

PNA 


pCal 

LEL 


Humans and Old World monkeys 


+ 


- 


- 


+ 


New World monkeys and lower mammals 


- 


+ 


- 




Birds and reptiles 


- 


- 


-H 


± 



ABH, anti-human A, B, or H blood group antibodies; GSI-B4, Griffonia simplicifolia isolectin B4 
reacting with Galal — > 3Gal epitopes; PNA, peanut agglutinin reacting with Gaipi ^ 3GalNac 
epitopes; LEL, Lycopersicum esculentum lectin (tomato) reacting with (Gaipi ^ 4GlcNAc)n epi- 
topes. 

correct valve/muscle architecture to maintain appropriate tissue/blood pressures 
in the upright position. They have therefore been proposed as potential donors of 
hearts for human recipients [28]. 

Differential expression of aGal epitopes on vascular endothelium and red cells 
was also observed in this group. For example, rabbit red cells were strongly posi- 
tive but rabbit vascular endothelium was only weakly positive. An opposite pat- 
tern, with strong vascular endothelium and weak red cells, was observed in the 
goat. The capybara had aGal on red cells, but was negative on vascular endothe- 
lium. 

Among all the species tested, the calf had the strongest expression of aGal epi- 
topes on both red cells and vascular endothelium. Indeed, this was the reason 
that the cow was selected to clone the first animal aGal transferase [29]. The 
mouse aGal transferase gene was independently cloned by another team [30], 
and taking advantage of its homology with the aforementioned genes, the pig 
aGal transferase gene has recently been cloned [31]. 

A similar heterogeneity with tissue-specific expression was observed in the 
group of reptiles and birds (group 3). The alligator had PNA-positive red cells 
and negative vascular endothelium, while the chicken and turkey had PNA-posi- 
tive vascular endothelium and negative red cells. The ostrich was PNA positive 
on both vascular endothelium and red cells. 



Natural Anti-aGal Antibodies May Protect Humans from 
Animal-Specific Infectious Agents 

aGal epitopes are not only found in lower mammals. They have also been 
reported at the surface of certain parasites [32], bacteria [33], and viruses. 
Furthermore, the presence of aGal epitopes on some viral glycoproteins depends 
on the capacity of the host cells to synthesize aGal [34]. 

The natural anti-aGal antibodies of Old World monkeys and humans might 
play a role in the defense mechanisms of these species against the microorgan- 
isms carrying aGal epitopes. This could be one reason for the resistance of 
these species towards infection by many animal viruses [35, 36]. If this is the 
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case, removal or blocking of anti-aGal antibodies in humans may increase their 
susceptibility to certain animal viruses which are normally not infectious in 
man. This potential risk must be kept in mind when preparing human recipients 
for xenotransplantation. 



Oligosaccharide Epitopes of the Exocrine Compartment 

Two different loci code for the human a-2-fucosyltransferase activities [37]. One 
produces the H antigen of the mesodermal compartment (FUTl) [38] and the 
other the H antigen of exocrine secretions (FUT2) [39]. These two structural 
genes are differentially expressed in these two body compartments due to tis- 
sue-specific regulation of expression mechanisms which have not as yet been elu- 
cidated, but which will be of crucial importance if we want to direct the expres- 
sion of a new FUT gene product to the pig vascular compartment. 

The human H antigen expressed in these two body compartments remains 
unchanged in blood group O individuals and is further transformed into A or 
B in the corresponding A or B histo-blood type individuals by the A or B glyco- 
syltransferases of the ABO locus. 

Almost every individual of the human species has an active FUTl gene and 
expresses ABH antigens in the mesodermal compartment, with the very rare 
exception of Bombay individuals (<1:10 000) who have inactive FUTl alleles 
and express only I or precursor chain epitopes in the mesodermal compartment. 
In contrast, 20 % of the Caucasian population have inactive FUT2 alleles and are 
therefore devoid of ABH antigens in exocrine secretions. They are called nonse- 
cretors for this reason, but they express precursor chain or Lewis-related epitopes 
in exocrine secretions, and they can have normal ABH antigens on red cells and 
vascular endothelium. 

In spite of the fact that most animal species do not express ABH antigens on 
the mesodermal compartment, almost all have some sort of ABH-related antigens 
in exocrine secretions, which are probably under the control of a gene with a 
function homologous to the human FUT2. The expression of this gene leads to 
an ABH polymorphism in the exocrine secretions of many animal species 
(Table 3). These “FUT2-like” genes are present in the animal genome. Therefore, 
it is not necessary to introduce new human FUT genes to obtain vascular 
endothelial expression of these genes, but rather to find the mechanisms of tis- 
sue-specific expression in order to redirect the expression of the already existing 
animal FUT genes to the vascular endothelial cells. 

The animal ABH antigens of the exocrine compartment cannot be the main 
targets of the hyperacute vascular rejection of xenotransplants because they 
are not expressed in the vascular compartment, which is in direct and immediate 
contact with the antibodies of the recipient. However, in the long term they 
would also contribute to an irnmune response in transplant recipients who 
lack the corresponding antigens. Indeed, A-0 incompatibility has previously 
been reported to accelerate rejection in rabbit [40] and pig [41] allograft skin 
models. 
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Table 3. Frequencies of the different ABH and I or 
selected animal species 


Lewis phenotypes 


in exocrine 


secretions of 


Animal species 


A 


B 


AB 


H 


I or Lewis 


References 


Human 


32 


8 


3 


37 


20 


[51, 52] 


Baboon 


16 


50 


34 


<1 


0 


[53, 54] 


Vervet (Old World monkey) 


83 


10 


7 


0 


0 


[53] 


Pig 


51 


0 


0 


38 


11 


[23, 55] 


Dog 


45 


0 


0 


52 


3 


[56, 57] 


Rabbit 


76 


0 


0 


24 


0 


[58, 59] 



The first three species (human, baboon, and vervet monkey) have fucosylated ABH antigens 
in both mesodermal and exocrine compartments, while the last three (pig, dog, and rabbit) 
express ABH antigens only in the exocrine compartment and have linear unfucosylated aGal epi- 
topes in both mesodermal and exocrine compartments. 



Humans and Old World monkeys have inactive aGal transferase pseudogenes 
[42, 43], which are unable to produce aGal epitopes on exocrine secretions and 
the mesodermal compartment. Instead, they express the ABH antigens in both 
body compartments (Tables 2, 4). It remains to be shown if the “knockout” of 
the pig aGal transferase gene will contribute to the redirection of the expression 
of the product of the normal pig “FUT 2 -like” gene [44] to pig vascular endothe- 
lial cells. Transgenic mice expressing human FUTl in milk have been obtained 
[45], but to date no expression of this gene on mice vascular endothelium has 
been observed. 

To date, the knockout of the aGal transferase gene has only been reported in 
the mouse [46, 47] (Chap. 51). In this species, successful competition between the 
expression of human FUTI and mouse aGal gene products has also been 
reported [48] (Chap. 50). However, such competition experiments are anticipated 
to be easier in the mouse than in the pig, because the mouse expresses small 
numbers of aGal epitopes in the mesodermal compartment as compared to the 
pig- 

New World monkeys and lower mammals have an active aGal transferase gene 
[49] and express the aGal epitope in both exocrine and mesodermal compart- 
ments, but they also express ABH and pCal antigens in exocrine secretions 
(Table 4). 



Table 4. Main carbohydrate epitopes found in exocrine secretions of different animal species 





Fluorescent reagents 






Animal species 


ABH 


aGal 


pGal 


pGal 




antibodies 


GSl-b4 


PNA 


LEL 


Humans and Old World monkeys 


+ 


- 


+ 


+ 


New World monkeys and lower mammals 


+ 


+ 


+ 


+ 


Birds and reptiles 


+ 


- 


+ 


+ 



ABH, anti-human A, B, or H blood group antibodies; GSI-B4, Griffonia simplicifolia isolectin B4 
reacting with Galal 3Gal epitopes; PNA, peanut agglutinin reacting with Galpl 3GalNac epi- 
topes; LEL, Lycopersicum esculentum lectin (tomato) reacting with (Gaipi — >4GlcNAc)n epitopes. 
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Finally, birds and reptiles lack expression of active aGal transferase genes, but 
they also express ABH and (3Gal antigens in exocrine secretions (Table 4 ). The 
absence of aGal epitopes in these species suggested that they might not be sus- 
ceptible to hyperacute vascular rejection by humans or Old World primates [ 50 ]. 
Nevertheless, the genetic distance between birds or reptiles and humans is. such 
that many other differences create major problems, which make these animals 
unlikely organ donors for the human species. 
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Introduction - Natural Anti-carbohydrate Antibodies 

The best characterized natural antibodies are anti- carbohydrate antibodies. 
Landsteiner described blood group A and B isoagglutinins in 1900 [1], but the 
original, earlier descriptions of natural antibodies were of heterophile agglutinins 
[2], some of which were cross-absorbable between species. Landsteiner [3] 
observed that species in which the target antigen of a heterophile agglutinin 
was absent would have naturally occurring agglutinins specific for that antigen, 
much as he had described individuals within a species as having A or B isoag- 
glutinins whenever blood group A or B was absent. He regarded the presence 
of antigen within a species as following genera or families (although not exclu- 
sively), and the presence of heterophile agglutinin as doing likewise in a recipro- 
cal fashion. 

One such antibody, human rabbit red cell agglutinin, was identified 70 years 
ago [4] and was later found to reside in both IgG and IgM fractions for all of 
the many hundreds of normal individuals investigated [5, 6]. The dominant gly- 
colipid in rabbit red cell membranes was found by Hakomori’s group to be the 
pentaglycosylceramide Galai-3Galpi-4GlcNAcpi-3Galpi-4Glcpi-i ceramide [7], 
and Suzuki and Naiki identified the target epitope of human rabbit red cell 
agglutinins as being contained in the carbohydrate chain of this glycolipid [8]. 
This work was subsequently confirmed by others [9]. 

In parallel work, human natural IgG and IgM antibodies have been identified 
as binding to a variety of carbohydrates in which the terminal sugar is a galac- 
tose with an a-linkage to an unfucosylated hexose (i.e., Galai-Hex). This was 
first reported by Bird and Roy [10] and later by a number of groups, some 
with a focus on IgG and others on IgM [9, 11]. The Galai-Hex antigens have 
included Galai-zGal [12], Galai-3Gal [9], and Galai-4Gal [11]. It was found 
that variable fractions of antibody against such antigens would cross-react, but 
that some fractions bind without cross-reactivity, each to a different naturally 
occurring Galai-Hex structure [11]. (Cross-reactivity to synthetic Galai-4Hex 
structures may be misleading: human anti-Galai-2Gal, for instance, cross-reacts 
with synthetic Galai-3Gal-silica conjugates, but not with naturally occurring 
Galai-3Gal on rabbit red cells [11].) 

Galili et al. [9] found that anti-Galai-Hex antibody isolated from individuals 
was polyclonal; this is in keeping with the few earlier studies on the clonality of 
natural anti- carbohydrate antibodies in humans [13]. It was apparent, therefore, 
that some anti-Galai-Hex antibodies can have a rather simple binding require- 
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ment, and be absorbable by many different Galai-Hex structures, but that others 
have a specific requirement, at least to the level of the terminal linkage and the 
preterminal saccharide, and that within an individual such antibody can be poly- 
clonal, presumably accounting for the variety of fine specificities expressed. 

Polymorphism of Anti-Gala1-3Gal Antibody 

It is now known that the human and Old World monkey IgG and IgM anti-pig 
antibodies, that are dominant in pig-to-primate organ xenotransplantation, can 
be absorbed by rabbit red cells [14], and that they are the same heterotopic anti- 
bodies as rabbit red cell agglutinins, with target antigens that terminate in 
Galai-3Gal [15]. We were interested in the possible variation in fine specificity 
of these antibodies, as being of particular relevance to the development of immu- 
noadsorbents and soluble inhibitors for use in pig-to-human xenotransplanta- 
tion. 

Dextra Laboratories Ltd. (Reading, UK) produced four oligosaccharides based 
on the pentaglycosylceramide Galai-3Gaipi-4GlcNAcPi-3Gaipi-4Glc(3i-i cera- 
mide that Hakomori’s group had first identified in rabbit red cells [7] and 
which we and our collaborators had subsequently identified in pig aorta [16]. 

Fig. 1. Computer-derived 
images of three synthesized 
aGal antigens 
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The saccharides were (a) Galai-sGal (disaccharide), (b) Galai-3Gal(3i-4GlcNAc 
(type 2 trisaccharide), (c) Galai-3Gal|3i-4Glc (type 6 trisaccharide), and (d) 
Galai-3Gaipi-4GlcNAcpi-3Gaipi-4Glc (pentasaccharide) (Fig. i). Each was pro- 
vided conjugated to albumin for enzyme-linked immunosorbent assay (ELISA) 
and conjugated to Sepharose as an adsorbent. Although these were not necessa- 
rily representative of in vivo antigens (as described above for the different 
adsorbing properties of Galai-3Gal-silica conjugates versus rabbit red cell 
Galai-3Gal), it enabled the use of a panel of pure single antigens at consistent 
concentrations, and it was consistent with the principal aim of developing inhi- 
bitors or immunoadsorbents appropriate to the collection of anti-Galai-3Gal 
antibodies. 

We have tested binding of IgG and IgM to the di-, type 2 tri-, and pentasac- 
charide-albumin conjugates by ELISA in sera from 40 healthy humans, ten from 
each of the four ABO blood groups (O, A, B, and AB). 



IgM Binding 

IgM from 33 out of 40 individuals bound to all three saccharides. Binding to dis- 
accharide was absent in six out of 40, and to pentasaccharide in one out of 40. 
Nine sera (which bound to all three saccharides) were tested further after immu- 
noadsorption using either di- or pentasaccharide-Sepharose. In all cases, the di- 
and pentasaccharide Sepharoses absorbed out binding to their respective di- or 
pentasaccharide-albumin conjugates. However, in three out of nine cases the 
di-Sepharose failed to remove anti-pentasaccharide binding, and in seven out 
of nine the penta-Sepharose failed to remove the anti-disaccharide binding. 

The penta-Sepharose revealed three adsorption patterns: (1) in two out of nine 
cases binding to all three saccharides was removed; (2) in three out of nine cases 
binding to tri- and pentasaccharide was removed, but not to disaccharide; and 
(3) in four out of nine cases only binding to pentasaccharide was removed. 

In no case was there any binding that could not be removed by one or other 
saccharide Sepharose, if not both. The type 6 tri-Sepharose produced an identical 
absorption pattern to the penta-Sepharose. 



IgG Binding 

IgG binding to the three saccharides showed three distinct patterns: (1) 26 out of 
40 bound to all three; (2) in eight out of 40 binding was absent to one of the 
three (trisaccharide in seven of eight, disaccharide in one of eight); (3) in six 
out of 40 there was binding to pentasaccharide only. 

In the nine immunoabsorbed sera, penta-Sepharose removed all IgG activity, 
whereas di-Sepharose was only effective at complete absorption in two out of 
nine cases. Again, the type 6 tri-Sepharose produced an identical absorption pat- 
tern to the penta-Sepharose. 

Our interpretation of these data is that anti-Galai-3Gal antibody specificities 
vary between individuals, although there may be common patterns within popu- 
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lations. In addition, there is more than one anti-Galai-3Gal specificity within an 
individual, as shown by the frequent requirement for more than one Galai-sGal- 
derived adsorbent. 

We have also shown that these different specificities are all relevant to pig-to- 
human xenotransplantation, by performing serial adsorptions using the different 
Sepharoses so that antibodies can be eluted that react with only one of the sac- 
charide-albumin conjugates. All such ‘monoreactive’, IgM are cytotoxic to pig 
lymphocytes, and all IgG and IgM eluates tested bind to pig tissue sections. 



Comment 

The possibility of such heterogeneity or polymorphism of anti-Galai-3Gal anti- 
body specificity has been alluded to before [17] and is consistent with the find- 
ings by isoelectric focusing followed by immune fixation of isolated anti-aGal 
preparations that suggested polyclonality [9]. Very similar studies of natural 
human Thomsen-Friedenreich antibodies using saccharides as inhibitors demon- 
strated that a pool of 100 sera contained Thomsen-Friedenreich antibodies that 
were a heterogeneous mixture of anti- carbohydrate specificities [18]. In the 
case of Thomsen-Friedenreich antibodies, as in the study described here and 
for A or B isoagglutinins, the antibodies are characterized according to their 
obligatory epitope requirement. However, within the family of antibodies so char- 
acterized, there are a number of different fine specificities. For anti-Galai-3Gal 
antibodies, this population includes antibodies for which the isolated terminal 
Galai-3Gal may be insufficient for binding, as in the case of sera in which 
anti-disaccharide binding is absent but anti-pentasaccharide binding present. 
This may represent a nonterminal carbohydrate epitope that nevertheless has a 
conformational requirement for the terminal residues, as has been described 
before for other anti- carbohydrate antibodies [19], or may be related to the 
effects of the terminal residues outside the antigen combining site, as described 
by Bundle et al. [20]. 

If this strategy of extracorporeal immunoadsorption of anti-Galai-3Gal anti- 
bodies is to be utilized to induce a state of accommodation, then the consequence 
of this described polymorphism within the human population is a requirement 
for immunoadsorbent(s) sufficient to remove antibodies of all anti-Galai-3Gal 
specificities. 
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Introduction 

The immediate fate of a xenograft is largely dependent on the species relationship 
of the donor-host combination, which can be concordant or discordant. In a con- 
cordant combination donor and host belong to closely related species and there 
is no hyperacute rejection (HAR) of the transplant [i]. The recipient does not 
have preformed antibodies against the endothelium of the donor organ; in addi- 
tion, the vascular endothelium of the donor does not directly activate recipient 
complement. In contrast, in a discordant combination complement activation 
by preexisting antibodies in the recipient or by the vascular endothelium of 
the donor organ causes HAR of the xenograft [2]. Biologically active fragments 
and protein complexes derived from complement activate and damage the 
endothelial cells of the graft, and recruit and activate recipient blood cells, result- 
ing in interstitial edema, hemorrhage, and thrombosis, which ultimately destroy 
the graft within minutes or a few hours of revascularization. 

The role of complement in HAR of a discordant xenograft is supported by 
early in vivo studies showing that during onset of xenograft rejection immuno- 
globulins and complement components accumulate in the grafted tissues. More- 
over, induction of complement depletion with cobra venom factor (CVF) or use 
of recipients with genetic complement deficiencies resulted in prolonged survival 
of xenografts (reviewed in [3]). In addition to its role in HAR, complement may 
also be the major mediator of vascular rejection in certain concordant combina- 
tions after anti-endothelial cell antibodies are elicited in the recipient, as in ham- 
ster- to-rat heart transplants, which are rejected in a few days when sufficient 
anti-xenograft antibodies are produced [4]. 

The purpose of this chapter is to present a brief overview of the complement 
system and to discuss those aspects of complement that are relevant to the patho- 
genesis of tissue injury in xenograft rejection or that are amenable to inhibition 
as a potential approach to clinical xenotransplantation. 



Overview of the Complement Reaction 

The complement system is a major effector mechanism of various biological pro- 
cesses comprised of a large number of plasma and membrane-associated pro- 
teins. Complete discussion of the biochemistry and biology of complement can 
be found in previous publications [5-7]. The complement reaction mechanisms 
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Fig.l. Main pathways of complement activation. Also indicated are the membrane-associated 
complement inhibitors decay accelerating factor (DAF) and membrane cofactor protein (MCP) 
that inhibit the C3 and C5 convertases of both pathways, and CD59 and homologous restriction 
factor (HRF) that inhibit formation of the membrane attack complex (MAC). Soluble comple- 
ment inhibitors are not shown 



are activated mainly through the classical and alternative pathways (Fig. i). Acti- 
vation by either pathway results in generation of enzyme complexes that activate 
C3 and C5, followed by assembly of the membrane attack complex (MAC), which 
is shared by both pathways. 



Activation Pathways 

Activation of the classical pathway begins with Ci, a protein complex that is com- 
posed of Ciq, Cir, and Cis. Activation of Ci is accomplished mainly by IgM and 
IgG antibodies bound to an antigen, and requires binding of Ciq by one molecule 
of IgM or two molecules of IgG. Activated Cis is formed, which cleaves C4 into 
C4a and C4b. In the presence of Mg^"^, C4b serves as receptor for C 2 , which is 
then cleaved by Cis into Cza and Czb. C 2 a remains bound to C4b, resulting in 
the C4bza complex, or classical pathway C3 convertase, which cleaves C3 into 
C3a and C3b (Fig. 1 ). After removal of C3a, a highly reactive thiolester bond 
in C3 undergoes cleavage, which may result in covalent binding of C3b to free 
amino or hydroxyl groups. Of the multiple molecules of C3b that bind to a 
cell membrane, one binds closely to C4bza, forming the C4b2a3b complex, 
which possesses C5 convertase activity. C5 is cleaved into C5a and C5b, and 
C5b interacts with the terminal complement proteins, resulting in assembly of 
the MAC. 

Activation of the alternative pathway begins when modified C3 binds to cer- 
tain molecules, such as bacterial polysaccharides or polymers of IgA, that pro- 
tect the modified C3 from inactivation. The initial activating step involves rup- 
ture of the C3 thiolester bond, which results in a C3 product that is able to 
initiate activation of the alternative pathway. C3b is very effective in this regard. 
However, activation may also take place if the thiolester bond in C3 itself is 
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cleaved due to its intrinsic lability, yielding the C3b-like molecule C 3 (H 20 ). These 
two molecules can associate with factor B so that factor B becomes sensitive to 
cleavage by factor D, yielding the fragments Ba and Bb. Bb remains bound to the 
complex, which is known as alternative pathway C3 convertase (Fig. i); Bb cleaves 
C3 into C3a and C3b, causing an amplification effect on alternative pathway acti- 
vation. Addition of another C3b molecule to the C3bBb complex yields (C 3 b) 2 Bb, 
or alternative pathway C5 convertase, that acts on C5 to produce C5a and C5b. 

The assembly of the MAC begins as C5b combines with C 6 and C7 to form the 
C5b-7 complex, which has high affinity for membrane lipid bilayers. Membrane- 
associated C5b-7 binds one molecule of C 8 , forming the C5b-8 complex, which 
then binds multiple molecules of C9. Membrane-bound C5b-8 can be cytotoxic, 
but this process is enhanced by C9. Because of the strong affinity of C5b-8 for 
phospholipids, the membrane bilayer is disrupted, causing increased permeabil- 
ity, which is further enhanced by the large channel formed by polymerized C9 
[ 8 ]. The permeability changes may cause osmotic swelling and lysis of red 
cells. On the other hand, killing of nucleated cells by the MAC is independent 
of permeability changes and is associated with an increase in cellular Ca^"^ and 
intracellular lipid metabolism, mitochondrial swelling, and hydrolysis of mem- 
brane lipids. In contrast to red cells, nucleated cells require multiple MAC 
deposition for irreversible damage to occur and are able to resist complement- 
mediated killing by endocytosis and exocytosis of bound MAC [ 9 ]. 

Control of Complement Activation 

The initiation and progression of complement activation is regulated by multiple 
mechanisms such that every stage of the complement reaction is under control. 
Regulation of complement activation has evolved to protect the host against acti- 
vation that occurs in inflammation and defense against microorganisms. This 
protection is accomplished through several plasma and membrane proteins that 
inhibit complement products. Control of complement activation is of major inter- 
est to xenotransplant biologists because the use of physiologic inhibitors of com- 
plement offers an opportunity for preventing complement-mediated tissue injury 
in xenotransplantation. Regulation of the classical pathway is provided by Ci- 
inhibitor (Ci-inh), which may bind irreversibly to activated Cir and Cis, blocking 
their enzymatic activity. The biological significance of Ci-inh is demonstrated in 
patients with hereditary angioneurotic edema, a potentially life-threatening con- 
dition that is due to reduced functional activity of Ci-inh [ 10 ]. 

Intensive control is centered around the C3 and C5 convertases of both activa- 
tion pathways (see Fig. 1 ). There are two mechanisms that provide this control. 
The first is dissociation from the convertases of the enzymatic active proteins 
Cza and Bb. Some degree of control is due to the unstable nature of the associa- 
tion between the proteins of the convertases. Enhanced dissociation is provided 
by the interaction of the convertases with the plasma proteins C4b-binding pro- 
tein and factor H, or with the membrane proteins decay-accelerating factor 
(DAF) and complement receptor type 1 (CRi, see Table 1 ) [ 11 - 13 ]. These inhibitors 
also prevent the association of C3b or C4b with Bb or Cza, respectively. The sec- 
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Tablet. Activities of human membrane-associated complement inhibitors 



Inhibitor (synonyms) 



Mechanism of inhibition Activity in microbial infections 



Decay-accelerating factor 
(DAF, CD55) 



Membrane cofactor protein 
(MCP, CD46) 

Complement receptor type 1 
(CRl, CD35, C3b receptor) 

CD59 (protectin, HRF-20) 

Homologous restriction 
factor (HRF, C8bp) 



Dissociation of C3 and C5 
convertases 



Cofactor for inactivation of 
C3b by factor I 

Dissociation of C3 and C5 
convertases and cofactor for 
inactivation of C3b by factor I 

Inhibition of MAC formation 
Inhibition of MAC formation 



Receptor for Escherichia coli 
and certain coxsackie- and 
echoviruses; host-derived DAF 
may coat HIV 

Receptor for measles virus and 
Streptococcus pyogenes 

Receptor for C3b-coated 
Mycobacteria^ Leishmania, 
Legionella, and Babesia 

Host-derived CD59 may coat 
HIV 



MAC, membrane attack complex; HIV, human immunodeficiency virus. 



ond control mechanism at the C3, C5 convertase level consists of the inactivation 
of C3b and C4b by factor I-mediated proteolysis. This process requires that C3b 
or C4b first associate with a protein cofactor from plasma (factor H or C4b-bind- 
ing protein) or the cell membrane (CRi and membrane cofactor protein, MCP) 
(Table i). 

Another very important control mechanism consists of the inhibition of MAC 
formation by the proteins CD59 and homologous restriction factor (HRF) [ 14 ]. 
These proteins inhibit formation of the MAC through interaction with mem- 
brane-bound C5b-8 to impair the binding of C9 and with C5b-9 to block addi- 
tional binding and polymerization of C9. Finally, other plasma proteins that con- 
trol complement are properdin, vitronectin and clusterin. Properdin binds to and 
stabilizes the alternative pathway C3 convertase. Vitronectin and clusterin are 
multifunctional proteins that interact with late- acting complement components 
as complexes assemble in plasma and thus inhibit binding of the protein complex 
to cell membranes. 

DAF, CD59, and HRF all act intrinsically, i.e., they inhibit the complement 
reaction only at the membrane sites where they are located. These proteins are 
anchored to the membrane through a glycosyl phosphatidylinositol moiety. The 
biological importance of these inhibitors to protect host cells against uncon- 
trolled activation of autologous complement is shown in patients with paroxys- 
mal nocturnal hemoglobinuria, whose erythrocytes and other cells are deficient 
in phosphatidylinositol-linked membrane inhibitors and show enhanced suscept- 
ibility to complement lysis [ 15 ]. This disease highlights the biological significance 
of these inhibitors as effective protective mechanisms for host tissues against 
autologous complement. MCP and CRi are linked to the membrane through a 
hydrophobic peptide. Whereas MCP acts intrinsically, CRi acts extrinsically as 
it is a very elongated molecule, with binding sites for C3b and C4b that are rela- 
tively remote from the cell membrane where CRi is anchored [ 11 ]. Membrane- 
associated inhibitors are expressed on most cells that are in contact with 
blood or other biological fluids containing complement. These proteins are inhi- 
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bitory to homologous complement and have little inhibitory capacity upon com- 
plement from a different species; for example, a porcine inhibitor that may be 
present on porcine endothelial cells probably does not inhibit human comple- 
ment efficiently. Therefore, a few years ago we postulated that the presence on 
the xenograft endothelium of complement inhibitors of the recipient could be 
used to protect a xenograft [i6]. 



Biological Role of Complement 

Complement has multiple functional activities that emerge at different phases of 
the complement reaction and generally serve a useful purpose, mostly in defense 
against invading microbes [5-7]. Complement-dependent functions that contri- 
bute to this task generally promote inflammation and include increment in vas- 
cular permeability, attraction of phagocytic cells, enhancement of phagocytosis, 
cytotoxicity, etc. The mechanisms employed by complement in inflammation 
also operate in graft rejection [3, 17]. C3a and C5a cause increment in vascular 
permeability, contraction of smooth muscle, release of mediators from mast 
cells and polymorphonuclear leukocytes, and generation of oxygen radicals. 
C4a may also induce these effects but is a much weaker mediator than C3a 
and C5a. C5a is a potent chemotactic agent that promotes leukocyte adhesion 
and stimulates the cyclooxygenase pathway. The terminal components stimulate 
the conversion of arachidonic acid into various metabolic products, including 
prostaglandin I2 (PGI2), and production of oxygen radicals. The MAC also 
induces prothrombinase activity in platelets and endothelial cells [18]. 

In spite of these powerful proinflammatory effects, individuals with severe 
complement deficiencies do not have defective inflammatory reactions, due to 
the redundancy of mechanisms that promote inflammation. On the other hand, 
certain complement deficiencies severely compromise the ability to control cer- 
tain infections, due to the significance of complement in bacterial opsonization. 
C3b and iC3b enhance phagocytosis of microorganisms by polymorphonuclear 
leukocytes and macrophages. Bb promotes macrophage spreading and enhances 
killing efficiency. The MAC is important to prevent dissemination of neisserial 
infections. C3b and C4b may neutralize virus infectivity by blocking attachment 
sites to host cells, and the MAC may kill certain viruses. Complement activity is 
of major importance in preventing the pathogenic effects of antigen-antibody 
complexes. Finally, several stages of complement activation participate in the reg- 
ulation of the immune response, both cellular immunity and antibody formation. 



Complement in Hyperacute Rejection 

In HAR the xenograft is rapidly lost due to humoral mechanisms that use com- 
plement as the major effector system. Once complement is activated, biologically 
active protein fragments and complexes are generated from several of its compo- 
nents. These products are able to directly cause tissue injury and also to recruit 
other effector mechanisms that ultimately result in the destruction of the graft. 
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Pathways of Complement Activation 

The initiation of complement activation during HAR may occur through the clas- 
sical pathway due to binding of preexisting antibodies to the vascular endothe- 
lium of the graft or through the alternative pathway due to its direct activation 
by the donor endothelium.Complement activation in HAR of porcine organs 
transplanted into primates is initiated by deposition of IgM and activation of 
the classical pathway [19]. Immunohistochemistry of porcine hearts transplanted 
into untreated rhesus monkeys, macaques and baboons early during rejection 
showed deposits of classical pathway proteins along endothelial surfaces, with 
a distribution similar to that of IgM, and only trace deposits of alternative path- 
way proteins. Importantly, porcine hearts experienced no HAR upon transplanta- 
tion in rhesus monkeys with normal serum complement levels but in which nat- 
ural antibodies had been depleted. In cases in which the graft continued to 
function for several days without evidence of rejection when the animals were 
sacrificed, little or no complement was deposited in the surviving xenograft. 
Thus, in rhesus monkeys with normal complement levels, complement was not 
activated directly by a porcine xenograft and therefore the xenograft would 
not by itself trigger rejection [19]. 

Complement activation in discordant xenograft rejection has also been studied 
in an in vitro model system consisting of cultured porcine endothelial cell mono- 
layers as targets incubated with human serum as a source of natural antibody 
and complement. Normal human serum was cytotoxic to porcine endothelial 
cells via the classical pathway. Binding of iC3b to the endothelial cells and cyto- 
toxicity required the presence of IgM natural antibodies and components of the 
classical pathway; the alternative pathway did not appear to be primarily involved 
[19]. Recently it has been shown that xenogeneic human IgA natural antibodies 
bind to porcine endothelial ceils in vitro, and that dimeric IgA, but not mono- 
meric IgA, is able to activate complement via the alternative pathway [20]. 
Although dimeric IgA comprises a small proportion of total serum IgA, it may 
contain a significant amount of xenoreactive natural antibodies and, under cer- 
tain conditions, might play a role in xenograft tissue injury. However, IgA 
does not appear to be primarily involved in HAR in pig-to-primate combina- 
tions. Recently we performed immunoabsorption of human plasma with an 
anti-IgM column, which caused reduction of IgM but no depletion of IgA levels. 
Ex vivo perfusion of swine hearts with the IgM-reduced human blood resulted in 
a delayed and milder form of rejection than with normal blood, in spite of 
preserved levels of IgA [21]. Thus IgA and activation of the alternative pathway 
in this model likely do not contribute substantially to tissue injury. Small 
amounts of residual IgM natural antibodies may have been more important 
than dimeric IgA natural antibodies in causing delayed loss of organ function 
in this model. 

In certain xenograft models complement is activated via the alternative path- 
way. In the guinea pig-to-rat model the primary activation event may involve the 
alternative pathway or both pathways, depending on the strain of the recipient rat 
[22, 23]. In rabbit-to-newborn pig xenografts complement appears to be activated 
via the alternative pathway [24]. It has been recently shown that when a rat heart 
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is transplanted into a lamb fetus HAR is mediated by activation of the alternative 
pathway, without participation of IgM or IgG [25]. 



Role of Complement in the Pathogenesis of Tissue Injury in Hyperacute 
Rejection 

The rapid destruction of discordant xenografts that is triggered by complement 
activation involves the activation of the endothelial cells of the xenograft and the 
platelets, leukocytes and plasma proteins of the recipient. The participation of 
complement and the recruitment of other mediators of inflammation and coagu- 
lation result in loss of the endothelial cell barrier function, followed rapidly by 
interstitial edema, hemorrhage, and thrombosis, the hallmarks of HAR. Many 
of these processes result directly or indirectly from the biological activity of com- 
plement-derived protein fragments, as summarized in Table 2. This information 
has been derived in part from studies in animals that are genetically complement 
deficient or made hypocomplementemic experimentally. Discordant xenografts in 
these animals have prolonged survival but rejection finally destroys the trans- 
plant. 

Thus, in C 4 -deficient guinea pigs, rejection of a rat cardiac transplant 
occurred in 3.5 days, in contrast to 22 mm in controls, and was associated with 
cellular infiltration [26]. The role of complement was studied by treating the 
recipients with CVF so that virtually complete complement deficiency would 
be maintained for several days. In CVF-treated rats the mean survival time of 
a guinea pig cardiac xenograft was prolonged from 19 min in controls to 
3.7 days [27]; these rats had higher levels of anti-guinea pig antibodies than con- 
trols. These xenografts showed leukocyte margination along blood vessels, begin- 
ning at 12 h post-transplant. Progressive cell infiltration, interstitial hemorrhage. 



Table 2. Pathophysiologic effects of complement fragments and complexes that may contribute to 
xenograft hyperacute rejection 



Complement 
fragment or 
complex 


Target 


Pathophysiologic effect 


Clq 


Recipient platelets and 
leukocytes 


Adhesion and secretion 


C3a, C5a 


Graft vasculature 
Graft endothelium 
Recipient granulocytes 
and monocytes 


Vasoconstriction, increased permeability 
Activation 

Adhesion, chemotaxis and release of oxygen 
radicals and enzymes 


C5a 


Graft endothelium 


Heparan sulfate release^ and induction of other 
thrombogenic properties 


iC3b 


Graft endothelium 


Granulocyte adhesion 


C5b-7 


Graft endothelium 


Endothelial cell retraction and gap formation 


C5b-9 


Graft endothelium 
Recipient platelets 


Decreased anticoagulant and increased pro- 
coagulant properties; may cause cell death 
Prothrombinase activity 



^ C5a in combination with natural antibodies. 
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and necrosis were observed over the next 72 b. Rejected grafts showed diffuse 
deposition of IgM and fibrin within blood vessels and nonspecific staining for 
IgG, but no C3 deposition [28]. Xenograft survival of a pig heart in baboons 
receiving CVF alone was prolonged to 68-92 h, compared with less than 
90 min in controls [27, 29]. Severe vascular rejection occurred in a xenograft 
lost at 68 h, and the heart that was rejected at 92 b also had areas of perivascular 
and interstitial mononuclear cell infiltration. There was diffuse deposition of 
IgM, C4 and fibrin, but no C3 or MAC. Thus, these experiments in which 
HAR is prevented in complement-deficient recipients suggest that a xenograft 
undergoes delayed rejection in 3-4 days by humoral or early cellular effector 
mechanisms independent of complement. 

An important role for the MAC in xenograft HAR was first suggested by the 
prolonged survival of a xenogeneic heart in C6-deficient rabbits [30, 31]. Recent 
studies showed that a guinea pig heart survived for 1-2 days in C6-deficient rats, 
in contrast to less than 20 min in controls; rejection was associated with granu- 
locyte and monocyte infiltrates [32]. The shorter xenograft survival in the 
C6-deficient rats (1-2 days) in comparison to normal rats treated with CVF 
(3-4 days) may be due to the ability of C6-deficient rats to generate C3a and 
C5a. In fact, if C6-deficient rats are given CVF to destroy C3 and C5, graft sur- 
vival was prolonged to 3-4 days, with less cell infiltration [33]. Results similar 
to those with CVF were obtained when the C6-deficient rats were given dexa- 
methasone [34] or recombinant neutrophil-inhibiting factor, a hookworm glyco- 
protein that inhibits CDiib/CDi8 (Mac-i) and blocks binding of neutrophils and 
macrophages to endothelial cell-bound iC3b [35]. We have recently suggested that 
C5a and the MAC have a predominant role in HAR of a porcine heart perfused ex 
vivo with human blood [36]. A porcine heart perfused with unmodified human 
blood survived only 25 min, with histologic and immunopathologic characteris- 
tics of HAR. Addition of a monoclonal antibody against human C5 to the 
human blood extended heart survival in a dose-dependent manner (Fig. 2). 
With 200 pg anti-C5 per ml human blood, the pig heart continued to function 



Fig. 2. Suppression by an anti- 
C5 monoclonal antibody of 
hyperacute rejection of a C 

porcine heart perfused ex ’g 
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for 6h, at which time the experiment was discontinued, without evidence of 
HAR and no tissue deposition of MAC. A major role for the MAC alone in 
HAR was supported by the ability of an anti-C8 monoclonal antibody to protect 
a rat heart from injury caused by perfusion with human serum [37]. 

In cases of discordant xenografts with intense complement activation due to 
high levels of IgM natural antibodies or a very effective triggering of the alterna- 
tive pathway there may be sufficient MAC formation for endothelial cell killing 
and detachment, with exposure of the subendothelial matrix. However, before 
endothelial cell killing takes place or when limiting amounts of antibody or com- 
plement prevail, endothelial cell activation precedes cytotoxicity and may med- 
iate progress toward HAR without complement-induced cytotoxicity [2]. Activa- 
tion is characterized by functionally important changes in the expression of 
various cell constituents that may result in loss of the endothelial cell permeabil- 
ity barrier and anticoagulant properties and the gain of a procoagulant state. 
A manifestation of endothelial cell activation that may occur during HAR is the 
loss of heparan sulfate from porcine endothelial cells induced by human serum 
[38]. Heparan sulfate contributes to blood vessel barrier functions, maintenance 
of an anticoagulant environment, and inhibition of injury by oxygen and free 
radicals. We found that incubation of cultured porcine endothelial cells with nat- 
ural antibody and complement in human serum caused the rapid release of a 
large proportion of the endothelial cell-associated heparan sulfate chains. The 
release preceded irreversible cell injury and was dependant upon natural anti- 
body binding and classical complement pathway activation for generation of 
C5a [39]. It has recently been reported that deposition of C5b-7 on xenogeneic 
endothelial cells may be of major significance to the development of HAR 
[40]. C5b-7 was found to cause endothelial cell retraction in vitro, with formation 
of transient gaps between endothelial cells, through which blood cells and macro- 
molecules could easily escape. This process may expose the subendothelium and 
allow platelets to adhere to collagen. The effect of C5b-7 is reversed by incor- 
poration of C8 and C9 to C5b-7 during formation of the MAC. 

Other complement-mediated changes in endothelial cell physiology could play 
significant roles in HAR (Table 2). Thus, after exposure to natural antibody and 
complement in human serum, porcine endothelial cells express membrane-bound 
tissue factor and lose thrombomodulin activity. Ciq associated to endothelial 
cell-bound antibody may promote adhesion of platelets and leukocytes to the 
endothelium [41]. Endothelial cell-bound iC3b causes neutrophils to adhere to 
the endothelium through the neutrophil integrin CDiib/CDi8, or CR3 [42]. 
Other complement fragments may participate in production of tissue pathology 
in HAR of a discordant xenograft. C3a and C5a may cause vasoconstriction and 
polymorphonuclear leukocyte adherence to the vascular endothelium. The MAC 
in sublytic amounts may cause Ca^^ influx and cell activation, resulting in release 
of reactive oxygen products, eicosanoids and cytokines. Among the effects of 
complement on endothelial cells is the release of vasoactive PGE2 and thrombox- 
ane A2 (TXA2), which cause vasoconstriction and disruption of cytoskeletal actin 
microfilaments with widening of interendothelial junctions and increased perme- 
ability [43]. The MAC may promote thrombosis by inducing endothelial cell 
membrane vesiculation and assembly of the prothrombinase complex [18]. The 
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MAC may also contribute to injury by reducing endothelium-dependent relaxa- 
tion of coronary arteries [44]. These processes may initiate injury to the grafted 
organ before complement-mediated endothelial cell killing takes place. 



Possible Role of Complement in Delayed Xenograft Rejection 

The experiments in which HAR is prevented in complement-deficient recipients 
showed that a xenograft is rejected after several days by humoral or early cellular 
effector mechanisms independent of complement [27, 28, 45]. The rejection 
demonstrates a morphology similar to that of vascular rejection, with infiltration 
of mononuclear cells but with minimal presence of T cells. This form of xenograft 
loss has been called delayed rejection or acute vascular rejection. In these models 
of delayed rejection a pathogenic role of antibodies has been considered, possibly 
through antibody-dependent cell cytotoxicity or other mechanisms [46, 47]. It is 
generally assumed that complement is not involved in delayed rejection. How- 
ever, antibodies may interact with early components of the classical pathway, 
binding Ci and generating functionally weak but possibly significant C4a. 
Small amounts of C3 and C5 convertases and MAC may be formed in recipient 
animals treated with complement inhibitors. In experiments that use CVF to 
inactivate complement there is production of C3a and C5a which can activate 
host leukocytes, facilitating leukocyte binding and injury to xenogeneic endothe- 
lium. Complement proteins synthesized by the endothelium of the donor organ 
may also play a role. Antibodies alone, or with some level of complement activa- 
tion, may be able to induce changes in the endothelial cells that are characteristic 
of an activation state, which in turn would contribute to delayed rejection [48]. 
Among these changes are activation of cytokine genes, expression of adhesion 
molecules, and changes from an anticoagulant to a procoagulant phenotype on 
the endothelial surface. At present little is known about the possible contribution 
of complement in eliciting delayed rejection of discordant xenografts. 



Protection of the Xenogeneic Vascular Endothelium Against 
Complement 

Because the vascular endothelium of the xenograft is the central target of acti- 
vated complement this section focuses on strategies for protection of the 
endothelium from complement activation. As the blood cells of the recipient 
also participate in the pathogenesis of vascular rejection, often through a com- 
plement-mediated activation process, inhibition of complement activation 
would also prevent certain injurious effects of recipient cells on the xenograft. 
In recipient combinations in which HAR is triggered by natural antibodies 
against donor endothelial cells, such as in a primate transplanted with a porcine 
organ, an approach to inhibit HAR has been to remove the antibodies and use 
immunosuppressive therapy to maintain low antibody levels. However, it is likely 
that abrogation of HAR may also require inhibition of complement activation, 
especially in the initial post-transplant phase. The value of complement inhibi- 
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tion to control HAR was suggested by early observations that administration of 
CVF strongly suppressed HAR (reviewed in [3]). Consideration has been given to 
interfering with HAR by administraton of fluid phase complement inhibitors as 
well as by expression on xenogeneic endothelium membrane complement inhibi- 
tors of the recipient species. However, there are other possibilities that may result 
in protection of a xenogeneic endothelium against attack by complement that 
should also be considered as potential interventions for xenografting. 



Antibody-Induced Endothelial Cell Protection Against Complement 

Because it is possible that human natural antibodies can directly induce some 
form of activation of xenogeneic endothelial cells, independent of complement, 
we investigated whether prolonged exposure of porcine endothelial cells to 
anti-pig natural antibodies changed their subsequent interaction with comple- 
ment [49]. We incubated porcine endothelial cells at 37 °C for ih or 40 h with 
a source of human natural antibodies. We found that, in comparison to ih of 
incubation with natural antibodies, the cells that were incubated for 40 h became 
markedly resistant to complement-mediated cytotoxicity. These cells processed 
part of the bound IgM antibodies, but not the bound IgG antibodies. They 
bound additional IgM antibodies, but not IgG, when re-exposed to antibody 
for a short period of time; thus prolonged incubation with IgM antibodies did 
not cause loss of endothelial cells membrane antigens. The cells incubated for 
40 h showed no impairment in the ability to bind complement components. 
The induction of resistance to complement killing required protein synthesis 
and could be induced with purified human IgM but not with purified IgG 
(Fig. 3), and was due to the presence of anti-pig xenoreactive natural antibodies. 



Fig. 3. Preincubation of porcine 
endothelial cells with purified 
human IgM containing anti-pig 
natural antibodies induces 
resistance of the cells to 
complement-mediated killing. 

Porcine endo-thelial cells were 

preincubated for various 

periods of time at 37 °C ^ 

with purified human IgM « 

( 1.0 mg/ml) or purified human rZ! 

IgG (7.5 mg/ml). The cells were ^ 

then incubated for 4h at 37 °C 

with 40 % human serum as a ® 

source of natural antibodies and 

complement. Cytotoxicity was 

measured with a vital dye assay. 

IgG did not induce resistance, as 
the results with IgG were similar 
to those with medium alone 
(not shown). (From [49] with 
permission from Munksgaard 
International Publishers, 

Copenhagen, Denmark) 





Role of Complement in Xenograft Rejection 



49 



These observations may be of value to enhance survival of a xenograft. To the 
extent that the resistance of endothelial cells to complement injury was induced 
with anti-endothelial cell antibodies, this resistance may be analogous to accom- 
modation that was described in a hamster-to-rat model of concordant xenograft- 
ing [4]. In this model, complement depletion with CVF and suppression of cel- 
lular immunity allowed the xenograft to acquire the ability to survive when 
challenged by cytotoxic antibodies in the presence of normal levels of comple- 
ment. Thus, in this model the presence of anti-endothelial cell antibodies may 
have played the critical role in induction of resistance of the graft to a subse- 
quent exposure to antibody and complement. 



Protection of Endothelial Cells Against Complement Induced 
by Other Modifications in the Recipient (Accommodation) 

Although exposure to xenogeneic antibody may markedly reduce the response of 
endothelial cells to complement, this is in contrast to the induction of accommo- 
dation in allografts that was accomplished by removal of preformed antibodies in 
the recipient. Whether or not a condition similar to allograft accommodation can 
be induced in a discordant xenograft remains an open question. Accommodation 
is a concept that originated from observations in human renal allotransplantation 
across the ABO barrier. An allograft may undergo HAR when a recipient contains 
preformed antibodies, such as anti-A, -B, or -HLA, against antigens in the trans- 
planted organ. In these cases, depletion of antibodies at the time of engraftment 
has proven critical to avert HAR. The transplant usually is not rejected when the 
antibody levels return a few weeks after transplantation, in spite of normal com- 
plement and persistence of donor antigen on the vascular endothelium of the 
graft [50, 51]. Very little is known regarding mechanisms involved in accommo- 
dation. Possibly the transplanted organ undergoes major changes in expression 
of critical components of its vascular endothelium; candidates include endothelial 
cell epitopes, membrane complement regulators, and adhesion molecules. An 
endothelial cell receptor may lose the ability to respond to its agonist after the 
initial stimulation, or the properties of the antibodies in the host may change 
such that they lose pathogenicity [52]. 

Accommodation has been induced experimentally in primates undergoing 
allotransplantation. Survival of organ transplants in baboons that were hyperim- 
munized against blood group A or B antigens was achieved by continuous 
administration of the specific A or B trisaccharide; when this treatment was dis- 
continued the organ was not immediately rejected, in spite of the presence of 
high levels of antibodies [53]. It was also suggested that a process similar to 
accommodation might take place with xenografts. When xenografts in primate 
experiments achieved prolonged survival, it was speculated that this result 
might in part be explained by accommodation, as in some animals the xenograft 
was able to survive despite the return of antibodies [19, 54]. However, long-term 
accommodation has not been achieved in discordant xenotransplantation. Under- 
standing the mechanisms that lead to induction of protection of the xenograft 
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against immunological injury would represent a major advance for the prospect 
of clinical xenotransplantation. 



Protection of the Xenogeneic Endothelium by Expression 
of Membrane-Associated Complement Regulators of the Recipient 

Membrane complement inhibitors are important to protect cells from potentially 
harmful effects of activated autologous complement [ii, 12]. However, inhibitors 
that may be present on vascular endothelial cells of a xenogeneic graft usually do 
not inhibit complement from a discordant recipient efficiently. Therefore we pro- 
posed that the expression on the xenograft endothelium of complement inhibitors 
of the recipient species would constitute an efficient strategy to protect a xeno- 
graft [16]. We postulated that expression of the recipient inhibitors DAF, CD46 
and/or CD59 on the vascular endothelial cell membranes of a xenogeneic organ 
would cause inhibition of recipient complement. We demonstrated the potential 
for this approach by incorporating human DAF into porcine endothelial cell 
membranes where it protected the cells from the cytotoxic effects of human com- 
plement [16]. Nonhuman cells that were transfected with cDNA for human com- 
plement regulators expressed the corresponding proteins on the cell membrane 
and were also protected from attack by human complement [55-58]. 

Expression of Inhibitors in Transgenic Animals (see also Chaps. 47-49) 

Transgenic donor animals that express human complement inhibitors have been 
prepared for use in experimental xenotransplantation in primates [59-64]. A 
positive aspect of this approach is that systemic complement activation is not 
impaired by localization of recipient complement regulatory proteins in the 
graft. This approach could potentially be used in xenotransplantation of porcine 
organs to humans, together with other genetic manipulations of the donor such 
as disabling the genes for enzymes that synthesize endothelial cell carbohydrate 
antigens that are the main target for natural antibodies of the recipient [65]. 
Methods based on genetic manipulations of the donor may provide long-term 
safeguard against complement-mediated rejection. 

The development of transgenic animals with improved expression of human 
membrane complement inhibitors clearly seems to be a most fruitful area to 
advance preclinical xenografting. Data continue to accumulate that activation 
and destruction of xenogeneic endothelial cells can be inhibited with this 
approach. Particularly promising are technologies based on yeast artificial chro- 
mosomes that would allow the use of constructs that contain the regulatory 
regions as they exist in the human chromosome and the preparation of trans- 
genic animals with one construct for expression of several inhibitors [64]. The 
use of promoters such as that from the ICAM-2 gene which direct expression pre- 
ferentially to endothelial cells also appears to be very attractive [66]. As 
expected, organs from transgenic animals that express both hMCP and hDAF 
are better protected than organs expressing only one of the inhibitors [63]. 
Another approach of considerable interest is the development of chimeric com- 
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plement inhibitors that act at different points in the complement reaction, as the 
recently developed hDAF-CD59 chimeric molecule that contains the functional 
domains of DAF and CD59 [67]. 

With regard to the production of transgenic animals, it is of interest that the 
expression of significant quantities of transgenic hDAF on porcine spermatozoa 
does not compromise the breeding potential of these animals [68]. Another con- 
sideration is that human membrane inhibitors are able to interact with certain 
infectious agents, often to specifically serve as receptors for microbial entry to 
a host cell [69], as summarized in Table 1. Thus these interactions raise the pos- 
sibility that transgenic animals that express human inhibitors such as DAF, MCP, 
and CD59 may be susceptible to certain human pathogens. Therefore, when vac- 
cines for the relevant pathogen are available, these animals may have to be vac- 
cinated against those organisms. 

Expression of Inhibitors Induced by In Vivo Transfection 

In vivo transfection strategies to provide vascular endothelial cells with inhibitors 
of HAR are being considered as alternatives to transgenic animals. Thus, adeno- 
virus-mediated transfer of hCD59 cDNA into rat endothelial cells resulted in 
expression of functional hCD59; however, the transduced cells showed indications 
of activation, with increased expression of MHC class I antigens and ICAM-i 
[70]. On the other hand, in vivo hDAF gene transfection prevented tissue injury 
in a model of HAR of a porcine lung perfused with human blood; expression of 
hDAF inhibited elevations in pulmonary vascular resistance and development of 
pulmonary edema, and preserved gas transport [71]. 

Inhibitors Acquired from the Recipient 

In transgenic donors that express the human complement inhibitor DAF or CD59 
selectively on erythrocytes, the inhibitors may transfer to the endothelial cells of 
an organ like the heart [72]. Transfer may be mediated by the glycosyl phospha- 
tidylinositol that anchors these proteins to cell membranes. When a pig heart 
that had acquired human inhibitors by transfer from red cells was transplanted 
into a baboon there was protection from HAR [59]. We therefore investigated 
whether porcine xenografts from unmodified donors would acquire recipient 
inhibitors while surviving in baboons depleted of antibodies to prevent HAR. 
In pig hearts or kidneys that survived up to 2 weeks we found no transfer of 
immunologically reactive DAF or CD59 from recipient blood cells to the vascular 
endothelium of the xenograft [73]. Thus protection of the xenograft appeared not 
to have been facilitated by a potential transfer of recipient membrane inhibitors 
to the endothelium of the xenograft. 



Inhibition of Complement Activation with Soluble Molecules 

The use of soluble complement inhibitors in xenotransplantation is of great inter- 
est, both to understand mechanisms of delayed rejection and also for potential 




52 



A.P. Dalmasso 



clinical applications. The administration of a soluble inhibitor to a recipient of an 
organ xenograft that expresses human complement inhibitors may be important 
in the early period following engraftment. Most complement inhibitors of inter- 
est are directly or indirectly related to physiologic inhibitory mechanisms of 
complement activation. Other complement inhibitors that have been studied 
for use in xenotransplantation, such as PUT 175 and K76, do not appear to pro- 
vide sufficient inhibition to prevent HAR [74]. 

Cl Inhibitor and Heparin 



In combinations where complement activation is mediated by the classical path- 
way, its selective inhibition to suppress HAR would be desirable to maintain the 
alternative pathway for protection of the recipient. Addition of Ci-inh to human 
serum in vitro was found to inhibit porcine endothelial cell activation and cyto- 
toxicity [75]. Relatively large amounts of Ci-inh were needed as complete inhibi- 
tion of cytotoxicity required about 40 times the Ci-inh concentration of normal 
human serum. High concentrations are needed because Ci-inh is only moderately 
effective when activation is triggered by strong activators like antigen-antibody 
complexes. 

On the other hand, the effect of Ci-inh is known to be enhanced by heparin. 
Therefore, we examined in vitro the inhibitory effect of the combination of 
heparin and Ci-inh [76]. Deposition of C4b on pig endothelial cells exposed to 
human serum was strongly suppressed by addition of Ci-inh plus heparin to 
the serum (Fig. 4), an approach that may be effective to avert HAR mediated 
by the classical pathway. The effect of heparin was also tested in vivo for protec- 
tion against complement-mediated loss of heparan sulfate that may play a role in 
HAR. Non-anticoagulant heparin was tested to ascertain if it would alter the fate 
of heparan sulfate in guinea pig hearts radioactively labeled with [^^S] sulfate and 



Fig. 4. Inhibitory effect of Ci- 
inh and heparin on C4b 
deposition upon incubation of 
porcine endothelial cells with 
human serum as a source of 
natural antibodies and com- 
plement. Endothelial cells 
were incubated for ih at 37 °C 
with unsupplemented human 
serum to determine the 100 % 
level of C4b binding, or with 
human serum supplemented 
with 42 pM Ci-inhibitor (Ci- 
inh), 500 pg heparin/ml, or 
both substances together. 
Binding of C4b was measured 
with an endothelial cell 
enzyme-linked immunosor- 
bent assay (from [ 76 ]) 
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transplanted into rats [77]. Heparin administration inhibited the release of 
heparan sulfate from the transplanted heart, prolonged the survival of the trans- 
plant and reduced the amount of C3b bound to the heart, in comparison to con- 
trol animals. 

Soluble CR1 and MCP (see also Chap. 33) 

Interesting advances are being made with the use of soluble forms of membrane 
inhibitors that are obtained by recombinant technology using constructs without 
the membrane anchor region. A fluid phase complement inhibitor of great inter- 
est is the recombinant soluble form of human CRi (sCRi), which inhibits com- 
plement in primates and other species [78]. Administration of sCRi to rats 
caused a dose-dependent prolongation of the survival of a guinea pig heart trans- 
plant [79, 80]. Administration of a single dose (15 mg/kg) of sCRi to cynomolgus 
monkeys prolonged the survival of a pig cardiac xenograft to 48-90 h, in compar- 
ison to rejection in less than ih in untreated controls [81]. Recent studies have 
shown that the continuous infusion of sCRi (40 mg/kg per day) in cynomolgous 
monkeys maintained complement levels at less than 20 % of preinfusion values 
and prolonged pig heart survival to 5-7 days, while addition of immunosuppres- 
sion could extend survival for several weeks [82]. The development of a modified 
sCRi molecule that has a binding site for selectins to help localize the inhibitor 
to the site where the rejection process is taking place is of much current interest 
[83]. A new human recombinant complement inhibitor, soluble membrane cofac- 
tor protein, was found to be able to protect mouse endothelial cell from comple- 
ment attack when present in the fluid phase [84]. 

Cobra Venom Factor (see also Chap. 32) 

CVF is a protein analogous to C3b that binds factor B strongly but is resistant to 
inactivation by factor I, resulting in a very stable alternative pathway C3 conver- 
tase [85]. Therefore, administration of CVF causes inactivation of C3, C5, and 
terminal components. A disadvantage of CVF is that its anti-complement effect 
is achieved by complement activation, with generation of C3a and C5a that 
may be injurious to the recipient and the graft. In addition, CVF is highly immu- 
nogenic and may elicit antibodies that may render it ineffective. We have used 
CVF in conjunction with antibody depletion and immunosuppression to investi- 
gate the survival of a porcine cardiac xenograft in baboons [29]. Repeated 
administration of CVF to baboons caused marked complement depletion with 
minimal morbidity. One xenograft that survived 17 days had some intravascular 
coagulation but no clear evidence of rejection. Another xenograft functioned 
for 8 days, until the recipient was sacrificed, without evidence of rejection. In 
contrast, complement depletion alone with CVF extended graft survival to 3-4 
days [29], while antibody depletion with immunosuppression prevented HAR 
and prolonged graft survival for several days [86]. Thus depletion of antibody 
and complement combined with immunosuppression achieved marked prolonga- 
tion of xenograft survival. 
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A limitation to prolonged use of CVF and soluble CRi in combinations in 
which complement is activated via the classical pathway is that these reagents 
also interfere with the alternative pathway that may be critical to prevent infec- 
tions in immunosuppressed individuals. 

Intravenous IgG (see also Chaps. 30 and 31) 

IgG in large doses is an effective complement inhibitor, as a large concentration 
of IgG around target cells effectively competes for binding of C3b and C4b [87]. 
IgG has recently been shown to extend graft survival in guinea pig-to-rat [88, 89] 
and pig-to-human [90] combinations. When IgG was used together with conven- 
tional immunosuppression in pig-to-primate combinations graft survival was 
extended up to 10 days [90]. Addition of IgG in vitro to human serum reduced 
the binding of C3b to porcine endothelial cells, likely through decreased forma- 
tion of C3 convertase on the cells [90]. 

Antibodies Against Complement Components 

Antibodies against certain components or activation fragments of complement 
may have a role in protecting a xenograft, especially recombinant humanized 
derivatives of monoclonal antibodies [91]. We have recently demonstrated sup- 
pression of HAR with an anti-C5 monoclonal antibody in an ex vivo model of 
pig-to-human xenografting (Fig. 2) [36]. A monoclonal antibody against C8 pro- 
tected a rat heart from damage caused by perfusion with human blood [37]. 



Comment 

Complement continues to be actively studied with regard to its central pathophy- 
siologic role in xenograft rejection and also as a target for inhibition in efforts to 
control HAR. There has been considerable progress in understanding the role of 
complement in the pathophysiology of HAR, with delineation of the specific 
involvement of various complement fragments and complexes. The prevention 
of HAR will probably require different interventions, including the use antibody 
depletion and complement inhibition. Currently, these methods have been effec- 
tive to extend xenograft survival for only a few weeks. 

At present, abrogation of HAR makes it possible to begin addressing issues 
related to mechanisms and control of delayed xenograft rejection. Further studies 
are needed to establish the role that complement might play in delayed xenograft 
rejection. In this regard current methods to avoid HAR are imperfect, and thus it 
is not clear whether certain phenotypic characteristics that appear in the xeno- 
graft during delayed rejection are not merely a reflection of the incomplete inhi- 
bition of complement activation in the recipient as induced by various experi- 
mental strategies. 

One approach that may facilitate prolonged survival is to alter the antigenicity 
of the xenogeneic vascular endothelium by genetic manipulations of the donor to 
obtain modified expression of epitopes involved in binding of natural antibodies. 
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These donors would also express on their vascular endothelium membrane com- 
plement inhibitors like DAF and CD59 of the recipient species. Further work is 
also needed to improve methods to enhance expression of complement inhibitors 
in donor organs and to assure protection of the graft through continuing expres- 
sion of the inhibitor. Another important area is to understand which other 
manipulations can be applied to the donor endothelium in order to reduce its 
reactivity with complement, especially if this reduction could be a part of accom- 
modation. Evaluation of the efficacy of various approaches is hampered by the 
unavailability of immunosuppressive drugs of low toxicity, including drugs that 
are more effective for inhibition of antibody formation. 
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Introduction 

The exchange of vascularized organs between most xenogeneic species stimulates 
an aggressive immune rejection reaction by the graft recipient. Several immuno- 
logical mechanisms are thought to be involved in mediating the host response 
but even the most basic characteristics of these responses are incompletely 
understood. There is a general lack of information, for example, concerning 
the individual immunological components of the xenograft reaction, including 
the relative role of cellular and/or humoral responses, the nature of the antibody 
and lymphocyte subsets involved, and the structural characteristics of the anti- 
gens that serve as targets for host immune responses. This lack of a detailed 
understanding of many facets of the pathogenesis of the xenograft reaction 
has clearly limited the development of therapeutic strategies, including the gen- 
eration of universal animal donors, that would prevent or avoid the rejection of 
these grafts. 

Our recent experimental work examining the pathogenesis of the xenograft 
reaction has emphasized the importance of the humoral responses to the foreign 
grafts. The rejection of xenografts from the two species most likely to be used as 
donors for humans, non-human primates (particularly baboons) or pigs, is 
dominated in the early phases of the reaction by antibodies that precipitate 
the rapid loss of the graft. The use of pig xenografts in humans is limited by 
high levels of preformed antibody to donor tissues in most normal individuals 
that immediately bind to and cause a hyperacute rejection of the graft. Xeno- 
grafts exchanged between species, such as the baboon-to-human combination, 
that do not exhibit high titers of preformed antibody, have more prolonged 
graft survival times. Within several days to a few weeks, however, the onset of 
antidonor antibody production is associated with vascular damage and failure 
of the new graft. 

The importance of the humoral response of the host to the xenograft is the 
result of the severity of the damage to the graft soon after transplantation and 
the lack of effective forms of immunosuppression to prevent the reaction. 
While there are several immune mechanisms that may play important roles in 
rejection of the xenograft [1-3], these responses occur later in the reaction and 
any successful strategy for preventing xenograft rejection will first require 
removal of preformed anti-donor antibodies and then effective methods to pre- 
vent the production of new anti-donor antibody. To date, experiments designed 
to test this approach has been of limited value because of a limited understand- 
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ing of the important details of the host antibody response to the grafts and a lack 
of effective methods to prevent antibody production. Accordingly, this chapter 
will review the most recent information available on the nature of humoral 
immune response to xenografts with the objective of providing a rational for 
the development of new and more specific forms of therapy. 



Nature of the Humoral Response to Xenografts 

The control of the early humoral immune response to xenografts is critical for 
providing a basis for long-term graft survival. In the pig-to-human combination, 
preformed antibodies found in most normal individuals can precipitate a rapid 
loss of a pig xenograft [4]. These preformed antibodies bind to the vascular 
endothelium of the graft, activate a series of inflammatory/coagulation cascades 
that lead to a widespread intravascular thrombosis. Other species combinations, 
such as the baboon-to-human, exhibit lower levels of preformed antibody and 
graft rejection is delayed when compared to that seen with pig donor organs 
[5]. In both combinations, however, long-term graft survival cannot occur with- 
out effective elimination of preformed antibody and/or the prevention of the 
appearance of new anti-donor antibodies induced following placement of the 
graft. 

The importance of anti-donor antibody in the long-term survival of xenografts 
has been most clearly illustrated by experimental studies testing new immuno- 
suppressive agents that prevent humoral immune responses. Traditional allograft 
immunosuppressive regimens are effective for preventing T cell-mediated cellular 
responses but they have proven to be ineffective for preventing the rejection of 
xenografts [1]. Recent experiments using new combinations of immunosuppres- 
sive agents have shown that it is possible to provide the conditions necessary 
for prolonged xenograft survival [6, 7]. This prolonged survival is permanent 
in selected rodent combinations and most closely correlates with suppression 
of antidonor antibody production. Treatment failures or withdrawal from treat- 
ment with the immunosuppressive drugs can result in rejection of the graft. 

The importance of humoral responses for xenograft rejection can also be 
demonstrated by disrupting the activation of complement components caused 
by the binding of anti-donor antibody to target antigens expressed by the xeno- 
graft. Agents that prevent complement activation prolong pig-to-primate xeno- 
graft survival when repeatedly administered to the recipients [8, 9]. Graft failure 
after 5-7 days is seen, even with continued inactivation of complement compo- 
nents. The rejected grafts are characterized by the deposition of large amounts 
of antibody (IgM and IgG) on vascular endothelium with extensive infiltration 
with neutrophils and macrophages. Inclusion of immunosuppressive drugs that 
prevent host immune responses result in longer graft survival, suppression of 
antibody production, and the absence of cellular infiltration in the grafts. Of par- 
ticular interest is the observation that immunosuppressive regimens that prevent 
host antibody production are associated with significant decreases in cellular 
infiltrates within the graft. Traditional immunosuppression, even with its focus 
on preventing the cellular components of the rejection reaction, do not effectively 
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interfere with the cellular immune response to xenografts. This data suggests that 
involvement of cells in the xenograft reaction may be strongly influenced by anti- 
donor antibody. The appearance of neutrophils and macrophages may reflect the 
importance of antibody-dependent cell cytotoxicity (ADCC) as an interface 
between humoral and cellular responses directed at the xenogeneic grafts. 

The critical issue to be addressed with regard to the nature of the humoral 
response to xenografts is the origin of the antidonor antibody. Antibodies are 
produced by at least two different pathways. The first is the traditional B cell 
response to antigens that depends upon T cells to drive the proliferation of B 
cells. T cell-driven proliferation allows for the incorporation of somatic mutations 
within the Ig gene variable region, thereby providing a mechanism for increasing 
the specificity and binding activity of the antibody [lo]. The second pathway of 
antibody production involves a direct activation of B cells, usually with a poly- 
valent antigen in the absence of T cell help [ii]. T cell-independent activation 
of B cells stimulates the production of antibodies that are expressed without sub- 
stantial modification in the configuration of their Ig genes [12]. The xenograft 
reaction between species with preformed antibodies is generally considered to 
represent antibody production via T cell-independent pathways. The nature of 
the control of antibody production seen after exposure to the foreign graft or 
in species combinations for which rejection of the graft depends upon induced 
antibody is not known. 



Natural Antibodies and the Xenograft Reaction 

The sera of humans and animals normally contain antibodies that can react with 
multiple, apparently unrelated antigens. These antibodies recognize a variety of 
self and non-self antigens and can be detected at different levels in normal indi- 
viduals without evidence of prior antigen exposure. These antibodies are primar- 
ily IgM immunoglobulins and they display a “polyreactive” pattern of binding in 
that they bind with modest levels of affinity to antigens that do not appear to 
share structural similarities that would account for this pattern of reactivity. 
The appearance of these preformed antibodies in the absence of any evidence 
of immunization has led to the use of the term “natural antibodies” to distin- 
guish between these antibodies and the more common and specific antibodies 
produced following traditional exposure to antigen [13]. The antigens that may 
be recognized by natural antibodies are many different types of infectious agents, 
including bacteria, viruses, parasites, normal self-antigens not exposed to circu- 
lating plasma, and tissues of other (xenogeneic) species. 

The natural antibodies found in the sera of normal individuals frequently 
react with infectious organisms, particularly bacteria [14, 15]. The reactivity of 
natural antibodies is characterized by binding activity directed at carbohydrate 
or glycoprotein epitopes, a common component of bacterial cells. The ability of 
natural antibodies to bind and to functionally neutralize infectious organisms 
suggests that many of these antibodies may be a component of a primitive, innate 
immune response to infectious diseases. The inactivation of infectious agents 
may serve as an important protective mechanism that can act early before a 
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more specific T cell-driven antibody response is mounted by the host. This con- 
cept is consistent with the observation that there is an association between the 
appearance of natural antibodies to the erythrocytes of xenogeneic species and 
exposure to environmental antigens. Pig anti-sheep antibodies appear in the 
serum of piglets soon after birth unless the piglets were raised in an isolated 
environment [i6]. Isolation of the piglets from environmental antigens, including 
bacteria, prevent the appearance of anti-sheep antibodies. Similarly, dogs and pig 
raised in gnotobiotic conditions do not develop xenoreactive antibodies to a vari- 
ety of species until exposed to bacterial flora or natural foods [17]. 

Natural antibodies share many characteristics with antibodies produced via T 
cell-independent B cell pathways. The similarities in the antibodies to T cell-inde- 
pendent antigens and natural antibodies suggest that both sets may be produced 
by a common humoral immune response mechanism. Human natural antibodies 
to pig tissues bind to a broad spectrum of antigens in patterns like those 
observed for natural antibodies to infectious agents and antibodies associated 
with autoimmune diseases [18-20]. Natural antibodies in each of these cases 
are primarily IgM and apparently recognize multiple unrelated antigens, includ- 
ing multiple organisms, normal tissue proteins, single-stranded DNA (ssDNA), 
and thyroglobulin [18]. The polyreactive nature of this response has been inter- 
preted to suggest that xenoantibodies, like those that are seen with autoimmune 
diseases and in response to infectious agents, may be produced by a specific sub- 
set (B-ia/B-ib) of B cells [18]. It is possible that each of these forms of antibody 
production are the result of the stimulation of B-ia/B-ib subsets of lymphocytes 
by repetitive carbohydrate antigens, such as those seen with bacterial cell walls, 
and this antibody inadvertently displays reactivity with xenogeneic antigens 
expressed as normal structures on cell surfaces. These T cell-independent anti- 
body responses are thought to differ from the more traditional humoral response 
to nominal antigens in that the antibodies are produced by a distinct lineage of B 
cells that in adults lack a bone marrow progenitor. These cells are present as a 
self-replicating population of lymphocytes, primarily in the peritoneal and 
pleural cavities. 

The broad pattern of reactivity seen with natural antibodies suggests that they 
may be encoded by immunoglobulin genes in a germline configuration. Antibody 
production by B lymphocytes can be separated into two distinct cell lineages, B- 
la/ib cells and conventional B cells (or B-2 cells). B-2 cells are responsible for 
traditional B cell responses to antigens and are concentrated primarily in the 
spleen and lymph nodes. The B-2 cell response involves the participation of T 
cells which drive B cell proliferation to induce the generation of somatic diversity 
in Ig Vh and Vl genes, thereby providing the exquisite specificity of antibody 
recognition for foreign antigens [21]. The second lineage of cells, the B-ia/B-ib 
subset, is characterized by an early rearrangement of their Ig genes, either during 
fetal or early post-natal life, and the production of antibodies that react with 
multiple antigens [22, 23]. Analysis of monoclonal antibodies derived from 
patients with autoimmune diseases has suggested that the pattern of binding 
to multiple unrelated antigens may reflect a high level of variability in the 
CDR 3 region of the Vh gene [24]. Exchanges in the D-J regions of polyreactive 
versus monoreactive IgM antibodies confirmed that the CDR 3 region structurally 
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most closely correlates with the characteristic of multiple antigen binding [25]. 
Chimerization experiments conducted with two monoclonal antibodies that 
react with insulin, one a polyreactive IgM autoantibody and the second a mono- 
reactive anti-insulin IgG, has demonstrated that the Ig heavy chain variable 
region makes a major contribution to the polyreactivity and that this pattern 
of reactivity is a feature of the H chain CDR 3 region and the non-mutated frame- 
work (FWl and 3 ) regions of the light chain [26]. Despite the reactivity of natural 
antibodies with multiple antigens, the repertoire of antibody binding with self- 
antigens appears to be highly conserved. Analysis of natural antibodies to self- 
and non-self antigens in newborn infants demonstrated little variation between 
individuals [27]. The human neonatal IgM antibody repertoire is directed at a 
limited set of self-antigens and this restricted repertoire of antibody recognition 
persists in young, healthy adults. 

Natural antibodies that react with infectious agents and self-antigens also 
recognize tissues and organs used for transplantation. Preformed antibodies 
react with a variety of normal tissue antigens, including isoagglutinins to ABO 
erythrocyte antigens and xenoantigens expressed by a variety of tissues from 
unrelated species. Transplantation of tissues or organs that express these antigens 
are at risk for an accelerated rejection of the graft due to the presence of these 
preformed antibodies [28, 29]. The ABO blood group antigens are complex car- 
bohydrates and they are expressed on vascular endothelium in addition to ery- 
throcytes. Anti-AB antibodies arise in individuals who lack the antigen, probably 
again as a result of exposure to microorganisms expressing antigens that are 
structurally similar to blood group antigens. Vascularized organ grafts, including 
kidney and hearts, are rejected in an accelerated fashion in ABO incompatible 
individuals due to the binding of the preformed anti-AB antibodies to the 
endothelium of the graft (for a review, see [30]). Circulating anti-AB antibodies 
is deposited on the endothelium of the graft vessels and this antibody- antigen 
interaction precipitates endothelial cell damage and intravascular thrombosis. 
Clinical transplant programs currently avoid this incompatibility by prospective 
tissue matching of the donor and recipient. 

Preformed natural antibodies against blood group antigens share many char- 
acteristics with natural antibodies directed against xenoantigens. Normal indivi- 
duals have circulating, preformed antibodies that react with a variety of tissues 
from different species, including swine. Perfusion of pig kidneys or livers with 
human blood is associated with the deposition of natural antibodies on capillary 
endothelium of the grafts [31, 32]. The anti-pig antibodies are considered to be 
similar but distinct from anti-AB isoagglutinins. There has not been evidence 
developed that implicates anti-AB antibodies directly in the hyperacute rejection 
of xenografts. There is no correlation, for example, in the level of antibody 
deposition with the presence or absence of antibody in AB or O blood used 
for perfusion [33] or differences in levels of hemagglutinating antibodies for 
pig erythrocytes in human plasma following absorption with selected human 
AB-positive erythrocytes [34]. 

The level of preformed natural antibody seen for a specific donor/recipient 
combination displays significant variation. Xenografts have traditionally been 
classified on the basis of the presence or absence of preformed antibodies in 
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the serum of the recipient to the potential donor. The degree of genetic disparity 
between the donor/recipient species has been considered to be the prime factor 
in determining whether preformed antibodies are seen for individual donor/reci- 
pient pairs [35]. Recipients of xenografts from more distantly related donors are 
more likely to exhibit preformed natural antibodies to the donor graft. When 
present in significant levels, these antibodies can precipitate a rapid, hyperacute 
(discordant) rejection of graft within minutes or a few hours. Pig-to-human liver 
transplantation in the presence of preformed antibody can precipitate the loss of 
the xenograft within 36 h [4]. Species for which preformed antibodies are not 
present in high titers exhibit a less aggressive rejection reaction that may require 
several days to cause loss of the graft. While the pace of the reaction differs for 
individual donor/recipient pairs, graft rejection appears to be closely related to 
the level of the host antibody response to the graft. In the hamster-to-rat 
model, rejection of heart xenografts occurs at 4 days post-transplantation. At 
the time of rejection, antidonor antibody titers are rapidly increasing and passive 
transfer of the antibodies alone can induce hyperacute rejection in naive rat reci- 
pients of hamster heart grafts. 



Preformed Versus Induced Antibody Responses 

The emphasis on the importance of the presence or absence of natural preformed 
antibodies for xenotransplantation has led to the implicit assumption that multi- 
ple immune mechanisms may be responsible for the rejection of xenografts in 
different species combinations. The separation of xenograft reactions into 
those precipitated by preformed antibody (“discordant”) and those that are not 
(“concordant”) has been interpreted to indicate that the immune responses 
responsible for the different xenograft reactions are qualitatively different. The 
xenograft reaction responsible for discordant xenograft reactions are thought 
to be mediated by T cell-independent (B-ia/ib) antibody responses. The discor- 
dant reaction depends upon the presence of preformed antibody to precipitate 
the immediate (hyperacute) loss of the xenograft. Removal of preformed antibo- 
dies may allow for more prolonged graft survival but immune responses stimu- 
lated by placement of the graft quickly induce new antibody production. This 
antibody response could involve augmentation of the T cell-independent pathway 
responsible for the original preformed antibodies or, alternatively, may consist of 
a newly induced (T cell-dependent) responses to the graft antigens. The humoral 
response to concordant xenografts has traditionally been considered to represent 
the latter and consist of the exposure of the recipient to new graft antigens and 
the stimulation of a T cell-dependent antibody response. 

The data available to support the different hypotheses explaining the nature 
of the humoral immune responses to xenografts is limited. A close examination 
of many species combinations has demonstrated that preformed anti-donor anti- 
bodies are commonly seen, even between closely related (concordant) groups of 
animals. Naive rats, as an example, exhibit low levels of preformed antibodies to 
hamsters [36] and guinea pigs [37] and mice exhibit natural antibodies to rat 
bone marrow cells [38]. Similar patterns of low levels of natural antibodies 
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have also been observed among nonhuman primates [i, 39]. Western blot analysis 
of rat sera has clearly demonstrated the presence of preformed rat antibodies that 
react with hamster heart antigens. The rejection of a hamster heart xenograft is 
associated with the appearance of a similar but more intense pattern of antibody 
binding [36]. The similarities in the pattern of antigen recognition by natural rat 
anti-hamster antibodies before and after exposure to the graft suggests that the 
rapid rise in antidonor antibody is due to antibody production by a precommitted 
population of B cells. The same pattern of antibody binding has been reported 
for the guinea pig-to-rat xenograft combination [37]. The presence of preformed 
antibody between closely related species combinations, even in small quantities, 
suggests that differences in the type of xenograft rejection in “concordant” and 
“discordant” species combinations may be more a reflection of absolute antibody 
levels rather than qualitative differences in the nature of the response. 

The suggestion that the humoral immune response to both “concordant” and 
“discordant” xenografts may be controlled by T cell-independent pathways is pri- 
marily supported by indirect data. In the pig-to-human combination, there is a 
substantial amount of indirect data to suggest that the early hyperacute phase 
of the reaction is due to the binding of preformed natural antibody produced 
by a B-ia/B-ib subset of B cells. Perfusion of human serum through kidney or 
liver xenografts depletes natural antibody cytotoxic activity directed at pig 
endothelial cells [32]. Antibodies eluted from these grafts are primarily IgM 
and display the same type of polyreactive patterns of reactivity seen for other 
natural and autoimmune antibodies [18, 19]. Among different individuals these 
antibodies may recognize a limited repertoire of target antigens. A polyreactive 
human anti-pig antibody expresses an idiotype that is found frequently in anti- 
bodies that bind to xenograft endothelial antigens [19]. 

A key unresolved issue in the reaction of human antibodies to pig xenografts 
is whether the antibody produced after placement of the graft is produced by the 
same pathway of antibody production as preformed antibody. Antibody induced 
by exposure to the graft could reflect augmented antibody production by pre- 
committed B-ia/B-ib cells or the production of T cell-dependent antibodies fol- 
lowing exposure of the recipient to new graft antigens. Patients with fulminant 
liver failure treated with ex vivo of pig liver perfusion to provide temporary 
metabolic support are clearly stimulated to produce antidonor antibodies [40, 
41]. The characterization of this antibody, however, has not been of sufficient 
detail to address the issue of the nature of the antibody production. Increased 
antibody titers to donor lymphocytes and erythrocytes could be temporally cor- 
related with perfusions of pig xenografts but this pattern of antibody reactivity 
could be consistent with either T cell-dependent or T cell-independent B cell 
responses. Of interest is the observation that the human anti-pig antibodies, 
like those seen for the rodent xenograft reaction, apparently bind to the same 
target antigens before and after ex vivo liver perfusion [41]. No new antibodies 
appear to be induced by exposure to the foreign organ. 

Antibody responses of xenograft recipients are also incompletely characterized 
in primate models of xenotransplantation using pig organs. Preformed anti-pig 
antibodies can be removed from the serum of baboons before transplantation 
but anti-donor antibodies return within 48 h following cardiac xenotransplanta- 
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tion [42]. The recipient rapidly produces new anti-donor antibodies when the 
response is not modified by immunosuppressive therapy. Protocols that have 
been successful in preventing graft rejection have focused on preventing the 
host humoral immune responses and the lack of an antibody response to the 
graft in these experiments has made it difficult to evaluate characteristics of 
the response. In rodents, the rejection of heart xenografts between closely related 
species occurs within a few days, depending upon the species combinations. The 
rejection process is dominated by anti-donor antibody production, especially 
IgM antibodies. 



Immunoglobulin Genes and the Control of Xenoantibody Responses 

One approach to resolving the nature of the humoral xenograft reaction is an 
analysis of the structure of the immunoglobulin genes used to mediate the anti- 
body reaction. In the hamster-to-rat model of xenotransplantation, the humoral 
response to heart xenografts consists of antibodies that broadly recognize several 
species. One of the key observations concerning this response is that B cells pro- 
ducing antibody to heart xenografts can be used to generate monoclonal antibo- 
dies that are capable of inducing hyperacute rejection of the hamster grafts in 
naive rats. These monoclonals are predominantly IgM antibodies that bind to 
the vascular endothelium of a wide variety of hamster organs, thymic epithelium, 
and small numbers of peripheral blood mononuclear cells [43]. Binding of this 
antibody to the endothelium causes a violent, hyperacute rejection due to activa- 
tion of the traditional complement and coagulation cascades and loss of the graft 
due to disseminated small vessel thrombosis. 

Analysis of the immunoglobulin genes that encode these monoclonal rat anti- 
hamster antibodies has provide some insights into the nature of the immune 
response between closely related (concordant) xenografts. Isolation and sequenc- 
ing of the monoclonal Ig genes has demonstrated that these antibodies use 
selected families of germline genes in a fashion very similar to that seen for natural 
antibodies and autoantibodies. Comparison of the Vh and Jh genes expressed by 
these monoclonal antibodies with genomic DNA from newborn rat liver has 
demonstrated several interesting characteristics. Independent monoclonals 
derived from separate fusion experiments use the same Vh germline gene 
(Fig. 1). The Vh genes of five monoclonals differ in their nucleic acid sequence 
by a maximum of four residues, two of which result in an amino acid replace- 
ments. These Vh genes exhibit a high level of nucleic acid sequence identity 
with the VhHAR.i germline equivalent (99.3% and 98.9%, respectively). These 
monoclonals also use two of the four known rat Jh genes. The monoclonal Jh 
genes are also used in a germline configuration without evidence of a preferential 
association between the Vh and Jh genes. The two Jh genes used by the five 
monoclonals exhibit nucleotide sequence identities of 98.3 % and 100.0 % with 
the rat JhI and Jh 2 germline genes, respectively. A sixth monoclonal is encoded 
by a closely related germline gene, with which it shares a 96.7% nucleic acid 
identity (Table 1). Similar levels of homology were seen for the light chain Ig 
genes for one of the antibodies (HAR-i). The HAR-iVk gene shares significant 
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Fig.1. Nucleic acid sequence comparisons for three independently derived monoclonal antibodies capable of causing hyperacute rejection of hamster heart 
xenografts to the rat germline gene VhI. 1. The three monoclonal antibodies use the same germline Vh immunoglobulin genes and two of the four rat Jh genes 
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Table 1. Analysis of the nucleic acid sequence data for rearranged Vh-D-Vj gene segments for 
rat monoclonal antibodies to hamster xenografts 


mAb 


Vh 




D Region 


Jh 




Mutation^ 


Identity^ 




Mutation^ Identity^ 


HAR-1 


2/0 (CDR 1/0) 


VhHAR.i (99.3) 


CATCGCGGGTATAAC 


0/1 


J1 (98.2) 


HAR-2 


2/0 (CDR 1/0) 


VhHAR.i (99.3) 


CATCGCGGGTATAAC 


0/1 


J1 (98.2) 


HAR-ID12 


2/0 (CDR 1/0) 


VhHAR.i (99.3) 


CCTTCCTATAGCAGC 


0/0 


J2 (100) 


HAR-EGll 


2/2 (CDR 1/1) 


VhHAR.i (98.9) 


GGGGAAGGC 


0/0 


J2 (100) 


HAR-DD4 


2/2 (CDR 1/1) 


VhHAR.1 (98.9) 


GGGGAAGGC 


0/0 


J2 (100) 


HAR-QG6 


4/2 (CDR 2/1) 


VhHAR.2 (96.7) 


CATAGG 


0/1 


J2 (97.8) 



mAb, monoclonal antibody. 

^Number of silent/replacement amino acid replacements; values for CDR regions done are in 
parentheses. 

^ Level (%) of similarity of the mAb gene to its germline equivalent. 



sequence identity with the rat Vk8 gene family, a group of genes commonly 
used by anti-DNA antibodies. Similarly, the HAR-iJk gene matched the first 36 
nucleotides perfectly with the rat germline Jk2 gene. 

The observation that antibodies capable of producing xenograft rejection 
share expression of Ig genes in a germline configuration led to an estimate of 
the in vivo usage of this gene, first in newborn and naive animals, followed by 
estimates of the gene frequency in rat recipients rejecting hamster xenografts. 
The response to hamster heart xenografts is characterized by a massive prolifera- 
tion of IgM producing B cells within 4 days post-transplantation. This response, 
like that associated with autoantibodies, is produced by cells normally exhibiting 
a relatively high (1 %) frequency of a specific Ig gene in the spleens of adult ani- 
mals. Polymerase chain reaction (PCR) primers specific for the germline 
VhHAR.i gene were used as probes for Ig gene specific libraries generated 
from splenic lymphocytes of newborn and naive adult rats and adult rats 4 
and 21 days after receiving hamster heart xenografts. The newborn and adult ani- 
mals express the VhHAR.i gene (or highly homologous members of the same 
family) at levels of 1.1% and 1.0%, respectively. The frequency of VhHAR.i 
expression rises sharply to approximately 16 % at 4 days after xenotransplantation 
and falls slightly to 10 % at 21 days. 

The analysis of the immunoglobulin gene usage for the hamster-to-rat xeno- 
graft reaction provides support for the concept that the rejection reaction shares 
many features with the B-ia/ib antibody response to T cell-independent antigens 
and autoantibodies. A relatively high percentage (approximately 1 %) of the total 
Ig producing lymphocytes in the spleen of the graft recipient are involved in the 
antibody response to the graft. This response appears to be restricted to a small 
family of closely related Vh genes. The genes used for this response, like those 
seen for natural antibodies and autoantibodies, display a high level of nucleic 
acid identity with their germline progenitors. The sequence data derived from 
the Vh gene analysis does not exhibit any evidence of the type of somatic hyper- 
mutation that might be expected to occur due to the influence of antigen-driven 
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selection and T cell-induced proliferation of B cells. The observation that the D 
and J regions of these antibodies share the same functional activity, but are 
structurally different from each other suggests that the CDR3 region of these 
molecules may not play an important role in establishing the binding character- 
istics of these antibodies. 

The unusually small number of Vh genes involved in the hamster-to-rat xeno- 
graft reaction also suggests that the humoral response to the graft may be direc- 
ted against a small number of xenoantigens. Analysis of the binding pattern of 
the HAR-i monoclonal antibody indicates that this antibody reacts with a variety 
of carbohydrate antigens [44]. Absorption of the HAR-i monoclonal antibody 
with synthetic columns representing 100 different carbohydrate epitopes allows 
for the identification of those antigens capable of removing the binding activity 
of the antibody for hamster endothelium. The carbohydrate epitope that pro- 
duces that greatest removal of anti-hamster activity is the sialyl-Lewis^ antigen. 
The rather extensive levels of cross-reactivity with other related carbohydrates, 
however, also suggests that the sialyl-Lewis^ antigen may not be the only epitope 
capable of being recognized by this antibody. Similar observations have been 
reported for human preformed antibodies to pig tissues in normal individuals 
[45]. Careful analysis of the binding characteristics of these antibodies demon- 
strated relatively homogenous binding characteristics and overlapping target 
antigen specificity for preformed antibodies in different individuals, suggesting 
a restriction in the antigenic complexity of the target antigen. The results in 
both species are consistent with the hypothesis that xenograft target antigens 
in many species may be composed (at least in part) of a small number of specific 
carbohydrate epitopes. 

The recent evidence that has accumulated on the nature of the xenograft target 
antigens, especially for discordant species such as the pig-to-human combination, 
indicate that the carbohydrate epitopes on xenograft target antigens may be 
expressed as a glycoprotein or glycolipid complex. One popular concept of the 
nature of these target epitopes is that the inactivation of the ai,3-galactosyltrans- 
ferase gene in humans, apes, and Old World monkeys has led to a lack of expres- 
sion of a-galactosyl epitopes and the emergence of antibodies directed at these 
epitopes, perhaps in response to infection of the host by microorganisms expres- 
sing similar antigens [46, 47]. This hypothesis predicts that natural anti-pig anti- 
bodies that cause the rejection of pig xenografts are directed at ai,3Gal carbohy- 
drate epitopes expressed by antigens on the surface of pig endothelial cells. 

There is a substantial amount of data demonstrating that human serum con- 
tains anti-Gal antibodies in high titers [48]. Approximately 1% of the total serum 
IgG is antibody that binds to a-galactosyl residues on rabbit red blood cells. 
Epstein-Barr virus transformed human B cells producing anti-Gal antibodies 
represent approximately 1 % of circulating B cells and the isotypes of antibodies 
produced following transformation is composed of approximately equal propor- 
tions of IgG and IgM producing cells [49]. Similarly, it has been clearly demon- 
strated that pig cells express carbohydrate antigens, especially an unfucosylated 
monomorph linear B-antigen on vascular endothelial cells, that react with 
these anti-Gal antibodies [50, 51]. Some of these antibodies, like the natural anti- 
bodies responsible for mediating xenograft reactions, are composed of IgM anti- 
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bodies and can be shown to bind to COS cells transfected with the ai,3-galacto- 
syltransferase gene [51]. 

While it is clear that human serum contains substantial levels of anti-Gal anti- 
bodies and pig endothelial cells express antigens to which these antibodies may 
bind, it is not clear that this epitope alone or in combination with lipid and/or 
protein moieties functions as the target for the xenograft reaction. There is little 
evidence that the antibodies that react with the a-galactosyl epitopes are cyto- 
toxic and activate complement, features of natural antibodies that appear to be 
the most relevant predictors of xenograft rejection. There is no evidence for 
the ability of these antibodies to disrupt the function of vascularized xenografts, 
such as ex vivo cardiac perfusion models, and controversy exists for the signifi- 
cance of the anti-Gal antibody binding to pig cells. Some investigators have sug- 
gested, for example, that the anti-Gal antibodies represent only a minor (<5%) 
component of natural antibodies that react with pig platelets and that a majority 
of human natural antibodies are directed at antigens other than those detected 
by the anti-Gal antibodies [52]. The difficulty of clearly defining the precise spe- 
cificity of low-affinity antibodies directed to carbohydrate antigens suggests that 
the precise nature of the target antigen(s) for natural xenoreactive antibodies will 
require more careful examination of the reactivity of these antibodies and their 
functional activity. The results of these studies will have an important influence 
of the selection of the therapeutic strategies to be used to prevent graft rejection. 
At present, however, it is not known whether these antibodies involved in the 
individual reactions are produced in response to a common antigenic stimulus, 
whether these antibodies are produced by a similar B cell pathway, or if the 
genes that control antibody binding activity exhibit similar levels of somatic Ig 
gene variation. 



Comment 

While a variety of immunological responses are involved in mediating the rejec- 
tion of xenografts, the early phases of the reaction are dominated by host anti- 
body responses. Preformed antibody or antibody rapidly produced in response to 
organ xenografts are central to the pathogenesis of the rejection reaction, preci- 
pitating either an immediate (hyperacute) or accelerated rejection of the graft 
secondary to widespread vascular damage and thrombosis. Recent analysis of 
the nature of the antibodies involved in this reaction suggests that even for 
widely disparate species combinations, the humoral response exhibits a set of 
characteristics common for a T cell-independent pathway of B cell antibody pro- 
duction. Preformed antibodies in humans against pig xenoantigens and antibo- 
dies in rodents produced in response to xenotransplantation share many func- 
tional and structural characteristics with a variety of natural antibodies, 
including those directed at infectious agents, isoagglutinins, and normal tissue 
proteins. These antibodies are restricted in their recognition of the targets for 
the xenograft reaction, suggesting they are directed at a glycoprotein or glycoli- 
pid structures with defined carbohydrate structures as part of the functional 
xenogeneic epitope. The restriction in the number of target specificities seen 
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with natural antibodies and the evidence for a similar restriction in the genes 
responsible for mediating the antibody response to xenografts suggests that 
the target antigens may share important structural similarities. 

These features of xenoantibody activity indicate that they may represent a 
component of a primitive innate immune system that is directed at preventing 
infections. Natural antibodies selected by environmental exposure to infectious 
agents can rapidly neutralize pathogens and may teleologically have predated 
the development of T cell-dependent mechanisms that generate more specific 
and higher affinity antibodies in response to infection. We have proposed that 
this innate immune system may be the basis for the antibody response to xeno- 
grafts [53, 54]. Xenoantigens expressed by normal tissue components, such as 
adhesion molecules, may serve as the inadvertent target for these natural antibo- 
dies. The involvement of restricted numbers of germline genes directed at a 
small, but well-defined group of target antigens may provide the basis for the 
development of therapeutic strategies to prevent an important component of 
the host response to organ xenografts. 
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Introduction 

The first barrier to transplantation of vascularised organs between discordant 
species is hyperacute rejection [1-3]. Stratagems that inhibit hyperacute rejection 
such as the use of cobra venom factor or soluble complement regulatory protein- 1 
(sCRi) have led to a delayed form of rejection which we have termed “delayed 
xenograft rejection” (DXR) [4] and permitted an examination of the mechanisms 
of DXR [5-8]. In contrast to allograft rejection, where T cells constitute greater 
than 90 % of infiltrating cells, the predominant cell types infiltrating the xeno- 
grafts are natural killer (NK) cells (10 %-20 %) and monocytes (70 %-8o %) 
[8]. The infiltrating cells in delayed xenograft rejection are activated with mono- 
cytes staining positive for tumour necrosis factor (TNF)-a and interleukin (IL)- 
iP and NK cells staining positive for interferon (IFN)-y [4]. DXR is also asso- 
ciated with endothelial cell (EC) activation, fibrin deposition and platelet aggre- 
gation [4]. In this review, we focus on the pathogenesis of delayed xenograft 
rejection with particular emphasis on the role of NK cells and monocytes and 
their potential participation in EC activation and transplant rejection. Our in 
vitro studies of DXR demonstrated that NK cells and monocytes activate EC 
by both direct cell contact and cytokine secretion resulting in the induction of 
a wide range of EC genes including adhesion molecules and chemoattractant 
molecules. 



Models of Delayed Xenograft Rejection 

There is a striking similarity between the histological features of DXR in guinea 
pig to rat [9] and pig to nonhuman primate studies [10]. The association of EC 
activation with an infiltrate consisting of NK cells and monocytes is a common 
theme [11]. 

Transplantation of a guinea pig heart to a rat serves as a model for discordant 
xenograft rejection. The inhibition of complement by cobra venom factor (CVF) 
results in a prolongation in cardiac graft survival from 15 min to approximately 
72 b [4]. Sequential histopathological examination of cardiac transplants demon- 
strates infiltration of NK cells and monocytes within 12-24 h [4]- Furthermore, 
examination for the expression of cytokines demonstrate TNF-a and IFN-y in 
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association with monocytes and with NK cells, respectively. The presence of 
TNF-a and IFN-y demonstrate that both cell types are activated within the reject- 
ing organ [4]. Similar results were observed with C6-deficient rats [12], suggest- 
ing that the histopathological features of DXR are not a result of CVF treatment. 

Adoptive transfer studies support a pathogenic role for monocytes in DXR. 
Using a guinea pig to rat heart transplant model Fryer et al. [6] demonstrated 
that injection of sensitised splenocytes from previously transplanted rats into 
xenograft recipients shortened xenograft survival. Depletion of monocytes 
from the splenocyte population transferred, resulted in a prolongation in xeno- 
graft survival when compared to adoptive transfer of the total splenocyte popu- 
lation [6]. Pig to primate studies with inhibitors of hyperacute rejection are also 
associated with the presence of NK cells and monocytes [10]. 



Endothelial Cell Activation 

Type I Activation 

EC activation is a prominent feature of rejecting xenografts [4, 9, 10]. and plays a 
major role in modulating the immune response through the expression of adhe- 
sion molecules and secretion of cytokines [13]. EC activation can be divided into 
an early phase of EC activation which is independent of protein synthesis (type 1 
EC activation) and a later phase, type II activation which is associated with new 
protein synthesis [13]. The early response to EC injury is associated with release 
of prostaglandin (PGE2 and PGI2) and endothelium-derived relaxation factor 
(EDRF)-nitric oxide (NO), which modulate platelet function and vascular tone 
(Table 1). The local expression of P selectin enhances adhesion of circulating neu- 
trophils which may contribute further to EC injury. The release of membrane 
bound thrombomodulin and heparan sulphate further enhance coagulation and 
the loss of ecto-ADPase, which degrades ADP, presumably leads to enhanced pla- 
telet aggregation [7]. 



Type II Activation 

Transcription of new protein is the hallmark of type II EC activation. The char- 
acteristic phenotypic features of EC activation include (Table 1), the vascular 
expression of adhesion molecules such as E selectin, intercellular adhesion mole- 
cule (ICAM)-i and vascular cell adhesion molecule (VCAM)-i and the pro-coagu- 
lant receptor for factor Vll/VIIa, tissue factor [14]. The chemoattractant mole- 
cules IL-8 and monocyte chemotactic peptide (MCP)-i are also expressed 
during DXR. IL-8 is a chemoattractant for neutrophils, NK cells and lympho- 
cytes, whereas MCP-i is a monocyte chemoattractant (109]. Both molecules are 
products of EC activation. We hypothesise that circulating monocytes and NK 
cells adhere to and activate xenogeneic endothelium [15, 16] to express adhesion 
receptors and secrete chemokines enhancing lymphocyte recruitment and trans- 
endothelial cell migration. In addition, activated monocytes may exacerbate the 
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Table 1. Classification and consequences of endothelial cell (EC) activation 


EC Activation 


Biological consequences 


Type I Cellular retraction 


Exposure of thrombogenic sub endothelium 


P selectin 


PMN adhesion 


vWF release 


Platelet adhesion to EC 


Heparan sulphate release 


Loss of anti-thrombin III activity 


PAF release 


Platelet activation 


Prostaglandin (l2>E2) 


Vascular tone and inflammation 


Nitric oxide (NO) 


Vasodilatation 


Endothelin-1 


Vasoconstriction and mitogen 


Leukotriene (C4, D4, A4) 


vWF expression and secretion 


Type II Leukocyte-EC interactions 




E selectin 


PMN, lymphocyte, and monocyte adhesion 


ICAM-1 


Leukocyte adhesion ligand for LFA-1 


VCAM-1 


Leukocyte adhesion ligand for VLA-1 


MHC classes I, II 


Antigen presentation to T cells 


IL-8 


Chemokine 


MCP-1 


Chemokine 


IL-ip 


Inflammation 


Growth factors 




M-CSF 


Monocyte differentiation 


GM-CSF 


Monocyte differentiation 


PDGF 


Smooth muscle cell mitogen 


TGF-p 


Growth regulation 


bFGF 


Mitogen 


IL-6 


B cell growth 


Vascular tone 




Cyclooxygenase 


Prostaglandin synthesis 


NO synthase 


Synthesis of NO 


Thrombosis/matrix remodelling 




PAI-1 


Inhibition of plasminogen activator 


Plasminogen activator 


Activation of plasminogen to plasmin 


Collagenase 


Matrix degradation and remodelling 


Vitronectin 


Extracellular matrix factor 


Tissue factor 


Cofactor for extrinsic coagulation pathway 


Thrombomodulin 


Regulation of aPC synthesis by thrombin 



Human cytokines were added to human and porcine EC and then assayed for E selectin, MHC 
(SLA) class I and II antigen expression, and IL-8 secretion. SLA class I was constitutively 
expressed on porcine EC and was only induced with porcine IFN-y. This demonstrates cross- 
species reactivity for IL-la and TNF-a and species specificity for IL-lp and IFN-y. 

EC activation has been classified into type I activation, which occurs in the absence of new 
protein synthesis, and type II activation, which requires gene transcription and new protein 
synthesis. For each molecule described, a single example of the biological consequences has been 
provided. Many of the molecules have multiple functions and act on a variety of different tissues. 
IL, interleukin; TNF, tumour necrosis factor; IFN, interferon; MHC, major histocompatibility 
complex. 
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pro-coagulant environment by expressing tissue factor [17] and inducing EC 
derived plasminogen activator inhibitor (PAI)-i, which inhibits clot lysis (M.T. 
Millan, submitted). 



Evidence for a Pathogenic Role of Natural Killer Cells in Delayed 
Xenograft Rejection 

NK cells have been implicated in the prevention of cancer [18], inhibition of 
tumour metastasis [19, 20] and EC damage associated with IL-2 therapy [21]. 
Rare NK cell deficiency states have been reported and are associated with multi- 
ple life-threatening viral infections [22]. 

The role of NK cells in allograft and xenograft transplant models is undefined 
but several in vitro models support the concept that NK cells contribute to trans- 
plant rejection. The perfusion of rat hearts with human peripheral blood mono- 
nuclear cells resulted in the selective adhesion of NK cells, and the addition of 
human IgG to the cellular perfusate enhanced adhesion [23]. In addition, NK 
cells infiltrated the vascular wall and were associated with disruption and 
destruction of rat EC. Perfusion with NK cells was also associated with an 
increase in vascular resistance [23]. 

NK cells lyse target cells by at least two distinct mechanisms. NK cell- 
mediated cytotoxicity in the presence of antibody (antibody-dependent cell- 
mediated cytotoxicity) is mediated through the Fc receptor (FcyIII:CDi6), 
which links the NK cell to the target cell. In addition, cross-linking of the 
CD16 receptor induces the transcription and secretion of TNF-a and IFN-y 
[24]. However, the Fcylll receptor is not essential for cytotoxicity, as NK cells 
from Fcylll receptor deficient mice maintain the ability to adhere to and lyse 
NK targets [25, 26]. Direct cytotoxicity occurs in the absence of antibody and 
is mediated by several families of molecules which at least in part interact 
with major histocompatibility complex (MHC) class I molecules on the target 
cell surface [27]. Both ADCC and direct cytotoxicity are mediated by the release 
of perforin and granzymes. 

Human Natural Killer Cells Activate Porcine Endothelial Cells 

When we co-cultured human NK cells with porcine EC, E-selectin and IL-8 
mRNA was detected after 4 b, demonstrating activation of the EC. The level of 
mRNA expression was maximal at effector to target (E:T) ratios of 30:1. E selectin 
and IL-8 mRNA expression was followed by endothelial E selectin protein expres- 
sion and IL-8 secretion. E:T ratios greater than 30:1 resulted in a reduction in E 
selectin, IL-8 and P-actin mRNA consistent with RNA degradation due to the 
higher level of NK cell-mediated cytotoxicity. That it was the NK cells that acti- 
vate EC was confirmed by showing that fluorescence-activated cell sorter (FACS) 
sorted CD56-positive cells, the NK cell clone, B22 and the Fcylll-deficient cell 
line, NK92 all induced the expression of E selectin and IL-8 mRNA followed 
by cell surface expression of E selectin and IL-8 secretion [15]. Several lines of 
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evidence suggest that EC activation is not a consequence of EC cytotoxicity and 
the signals for EC activation are independent of the cytolytic machinery. Firstly, 
EC activation was observed at E:T ratios significantly lower than associated with 
detectable levels of cytotoxicity [15] and secondly, subclones of NK92 which have 
lost the ability to lyse EC retain the ability to activate EC (D.J. Goodman, unpub- 
lished data). In addition to the induction of E selectin and IL-8, Watson et al. 
have demonstrated the induction of MHC class II in Chinese hamster ovarian 
(CHO) cells and human umbilical EC, suggesting that human NK cells may 
induce MHC class II antigens in allografts and xenografts [28]. 



Mechanism of Natural Killer Cell-Mediated Endothelial Cell Activation 

Human NK cells secrete a range of cytokines such as TNF-a, IL-ip, IFN-y and IL- 
3[29] and express adhesion molecules including ICAM-i, CDiia and CDiic [29]. 
In order to define the mechanism of porcine EC activation by human NK cells, 
we studied transwell cultures where human NK cells were separated from EC by a 
semi-permeable membrane which permitted the passage of soluble factors, but 
prevented direct cell contact. NK cells failed to activate EC when separated in 
transwell cultures, demonstrating that cell-cell contact is essential for NK cell- 
mediated EC activation. 

To further investigate the mechanism of NK cell-mediated EC activation and a 
possible role in this system for soluble mediators of EC activation, transwell cul- 
tures were prepared containing confluent EC monolayers in both the transwell 
and the lower chamber. The addition of NK92 cells to the upper transwell failed 
to induce E selectin in the lower chamber EC (Fig. 1), whereas NK cells added to 
the lower chamber induced E selectin in an E:T-dependent manner within 4h. 



Fig.l. Direct natural killer 
(NK) -endothelial cell (EC) 
contact is required for EC 
activation. EC were added to 
the upper and lower chambers 
of 96-well transwell culture 
plates such that media from 
both EC monolayers could 
freely communicate via a 
semipermeable membrane. 
NK92 cells were added to 
either the upper chamber 
{white bars) or the lower 
chamber {black bars). E 
selectin enzyme-linked immu- 
nosorbent assay (ELISA) was 
performed on the lower 
chamber after 4 b. Tumour 
necrosis factor {TNF) was 
added to either the upper or 
lower chambers to demon- 
strate membrane permeability. 
E:Ty effector to target 



1.6 T 




E:T ratio 
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The addition of TNF-a to the upper transwell resulted in EC activation of the 
lower chamber, confirming that soluble factors within the transwell can traverse 
the transwell membrane (Fig. i). These data demonstrate that soluble factors from 
either NK cells after contact with EC or factors associated with EC activation or 
lysis are not primarily responsible for EC activation. Activated NK cells can 
express membrane-bound TNF-a and secrete TNF-a. The addition of human 
soluble TNF-a receptor or monoclonal mouse anti-human TNF-a antibody to co- 
cultures of human NK cells and porcine EC failed to inhibit the NK cell-mediated 
induction of E selectin or IL-8. This suggests that, in our NK-EC culture system, 
TNF-a did not contribute to EC activation, although the action of TNF-a at the 
point of cell contact between NK cells and EC cannot be ruled out. 



Xenoreactive IgG Enhances Natural Killer Cell-Mediated Endothelial Cell 
Activation 

During DXR, IgG fixed to EC can bind NK cells via the Fcylll (CDi6) receptor, 
whereas the role of IgM appears to be less significant. In contrast, the major 
immunoglobulin isotype mediating complement activation during hyperacute 
rejection is IgM, with IgG playing a relatively minor role [2]. The addition of 
IgG to human NK cell-porcine EC co-cultures enhanced the level of induced E 
selectin at all E:T ratios studied, with the greatest augmentation occurring at 
the lower E:T ratios (Fig. 2). The addition of IgG also increased the level of EC 
cytotoxicity from 0% to 5% at an E:T ratio of 1:1 and from 25% to 40% at 
30:1. 




10:1 3:1 1:1 media IgG TNF 

E:T ratio 



Fig. 2. Human IgG enhances natural killer (NK) cell-mediated endothelial cell (EC) activation. 
Human NK cells were added to porcine EC containing media (black bars) or media with protein 
G purified human IgG (white bars). After 4 h,E selectin enzyme-linked immunosorbent assay 
(ELISA) was performed. TNF, tumour necrosis factor; E:T, effector to target 
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Soluble factors released by NK cells do not appear to play a significant role in 
EC activation, and supernatants of purified human NK-EC co-cultures did not 
contain human TNF-a and IFN-y. When purified human NK cells were co-cul- 
tured with porcine EC and screened by reverse transcriptase/polymerase chain 
reaction (RT/PCR) for the expression of human TNF-a, a weak positive signal 
was observed. Enzyme-linked immunosorbent assay (ELISA) for TNF-a in the 
supernatants failed to demonstrate TNF-a. The addition of IgG to NK-EC co-cul- 
tures resulted in a marked increase in the expression of human TNF-a mRNA 
and secretion of up to 47 pg TNF-a/ml over a 4-h co-culture. The biological 
activity of low levels of TNF-a was confirmed in vitro, with 40-50 pg TNF-a/ 
ml activating EC to express E selectin. The co-culture supernatants were also 
screened for the presence of IFN-y. In the absence of IgG, IFN-y was not 
detected, and the addition of IgG resulted in human IFN-y mRNA and 60 pg 
secreted IFN-y/ml. Thus, in the presence of IgG, EC activation may be mediated 
by the combination of TNF-a-dependent and -independent pathways. 



Endothelial Cell Activation Enhances Natural Killer-Endothelial Cell 
Cell Adhesion 

EC activation results in the expression of multiple cell adhesion molecules such 
as E selectin, which contribute to NK-EC adhesion and cytotoxicity by binding 
sialylated Lewis'" adhesion molecules expressed on NK cells [30]. In vivo, the first 
EC encountered by NK cells during DXR may be activated due to prior binding 
of antibody and complement; we thus studied the interactions between human 
NK cells and pre-activated porcine EC in vitro to define if NK-EC interactions 
across species are influenced by prior EC activation. The CDi6-deficient cell 
line, NK92 was studied to eliminate the possible effects of Fc-mediated adhesion 
and signalling. Pre-activation of EC with TNF-a or bacterial lipopolysaccharide 
(LPS) for 15 min did not increase NK-EC adhesion. In contrast, stimulation for 
4h resulted in a marked increase in adhesion. The enhanced adhesion after 4 b 
stimulation with TNF-a or LPS suggests that E selectin and ICAM-i may play 
a role in NK-EC adhesion while P selectin, which is rapidly internalised does 
not. The increased adhesion is consistent with the concept that porcine EC acti- 
vation results in the expression of adhesion molecules which bind human NK 
cells. Blocking antibodies to human adhesion molecules, including anti-CDiia 
or anti-CDi8, both partially reduce adhesion and NK cellular cytotoxicity [31, 
32], demonstrating that several adhesion molecules contribute to NK-EC adhe- 
sion across species. 

Natural Killer Cell Target Recognition 

Exciting advances in NK cell biology followed the report that NK cell activity can 
be modulated by MHC class I expression on the target cell and the identification 
of receptors for MHC class I antigen [33]. While cytolytic T cells are activated 
following MHC class I engagement, NK cell-mediated cytotoxicity is frequently 
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inhibited [33]. The receptors for class I inhibition of NK cells are polymorphic 
and at least four specificities have been defined, two HLA-C and two HLA-B epi- 
topes [34, 35]. The expression of NK cell receptors is heterogeneous within the 
NK cell population of a single donor and studies of NK cell clones have demon- 
strated that single clones express at least one receptor and some clones express 
two or more receptors. 

Two questions critical to an understanding of NK-EC cell interaction across 
species and xenotransplantation remain unanswered: (1) Will human NK cells 
be inhibited by non-human MHC class I antigens and (2) will the expression 
of human MHC class 1 in porcine EC result in inhibition of NK cell-mediated 
cytotoxicity? Cross-species recognition of porcine class I (SLA class I) has 
been demonstrated with human CD8-positive T cells proliferating in response 
to porcine EC expressing SLA class I antigen [36]. Interestingly, the proliferative 
response of human T cells cultured with porcine EC is greater than the corre- 
sponding allogeneic responses to human umbilical vein EC [37]. Although sug- 
gestive of cross-species MHC class I recognition for T cells, recent evidence sug- 
gests that NK cells recognise a different epitope of the class I molecule, hence 
human T cells recognise SLA class I and proliferate while NK cells may not be 
inhibited by the same SLA class I antigen. The diversity between the MHC 
class 1 molecules especially at the regions defined to confer specificity NK cell 
recognition suggest that NK cell inhibition by MHC class I antigens may be con- 
fined to human and apes [33]. 

NK cells appear to recognise aGali-3Gal (aGal) sugars, in addition to MHC 
receptors. In vitro, the addition of IgM or IgG XNA to the Fcylll-deficient cell 
line NK92 reduced the level of cytotoxicity (Fig. 3), consistent with work by 
Inverardi et al. [38], in which F(ab)2 fragments reduced both adhesion and cyto- 
toxicity of human NK cells to porcine EC. Furthermore, the binding of human 
NK cell to porcine EC could be competed with the same sugars which compete 
the binding of XNA to aGal sugars. The affinity of human NK cells to the 
aGal sugar epitopes expressed on porcine EC and the inhibition of NK cell adhe- 
sion and cytotoxicity with XNA may provide one explanation for the mechanism 
leading to prolongation in xenograft survival of guinea pig hearts transplanted to 
rats receiving human F(ab)2 fragments prior to transplantation [39, 40]. 



Monocytes As Effector Cells in Delayed Xenograft Rejection 

Monocytes may effect graft destruction via direct cytotoxicity, secretion of pro- 
teases and oxygen radicals, pro-inflammatory cytokines and as antigen-present- 
ing cells (APC) leading to T cell-dependent immunologic injury. Because there 
are few T cells found in organs undergoing DXR [1] and nude rats, which are 
devoid of a/p T cells, still undergo hyperacute rejection and DXR in the same 
manner as normal rats [41], we will consider here the T cell-independent 
mechanisms by which monocytes may effect graft destruction. 
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Fig. 3. Natural killer (NK) cells recognise aGali-sGal sugars. IgM and IgG inhibit NK92 cytotoxi- 
city: NK92 cells were cocultured with porcine endothelial cell (EC) cultures containing either 
IgM {black circles) or IgG {white squares) for 4b followed by lactate dehydrogenase (LDH) 
release cytotoxicity assay. The immunoglobulin concentrations studied were similar to those 
found in human serum 



Monocyte-Medicated Endothelial Cell Activation 

We have reported that human monocytes are capable of directly activating por- 
cine endothelial cells to express pro -inflammatory and pro-coagulant factors. We 
studied purified human monocytes or the human monocytic cell line, U937, in 
co-culture with porcine EC and demonstrated an increase in E selectin surface 
expression of (M.T. Millan, submitted). 

Monocyte-mediated EC activation was also associated with the induction of 
the chemotactic cytokines IL-8 and MCP-i and the pro-coagulant molecule 
PAI-i, an inhibitor of clot lysis (M.T. Millan, submitted). The addition of soluble 
(p55 or P75) TNF-a receptor to monocyte-EC co-cultures partially inhibited EC 
activation demonstrating both TNF-a dependant and independent mechanisms 
for EC activation in our monocyte-EC co-culture system (M.T. Millan et al. sub- 
mitted). While IL-ia is active across the human-pig species barrier, the addition 
of IL-ia antagonists to monocyte-EC co-cultures failed to inhibit EC activation. 
As seen with NK cells, direct cell contact was essential for monocyte-mediated 
EC activation as transwell cultures with monocytes and EC separated by a semi- 
permeable membrane did not result in EC activation. 

Monocyte-EC interactions result in formation of a complex cytokine network. 
The monocytes produce pro- inflammatory and chemotactic cytokines and also 
induce the EC to produce such factors [16]. Production of chemotactic cytokines 
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by activated EC may explain the selective extravasation and activation of leuko- 
cytes and may account for the nature of the cellular infiltrate observed in reject- 
ing discordant xenografts. Furthermore, leukocyte-EC interactions may modulate 
chemokine expression. For example, MCP-i is induced during transmigration of 
human monocytes across human umbilical vein EC (HUVEC) monolayers [42]. 
We found that porcine EC also demonstrate an increase in IL-8 and MCP-i 
expression when co-cultured with human monocytes (M.T. Millan, submitted). 
IL-8, a C-X-C chemokine, is a potent recruiter of neutrophils, NK cells, and lym- 
phocytes while MCP-i recruits primarily monocytes (and has recently been 
reported also to recruit T lymphocytes) [42]. It is still not clear whether these 
chemokines also demonstrate molecular incompatibility. Recent work has 
shown that even a single mutation in IL-8 may abrogate its angiogenic and che- 
motactic function; the extent to which such critical parts of the molecule and the 
corresponding receptor have been conserved is not clear. Kinetic studies of MCP- 
1 mRNA expression in monocyte-EC co-cultures demonstrated a biphasic 
response with an early induction after 4-6 h, not inhibited by soluble TNF-a 
receptor and a later peak after 24 b, which was inhibited by soluble TNF-a recep- 
tor (M.T. Millan, submitted). 

Monocyte-EC interactions are not restricted to xenogeneic co-cultures as allo- 
geneic monocytes induce EC activation and expression of MCP-i [42] and PAI-i 
[43], but these effects, even though preserved across species, may be modified 
due to molecular incompatibility. 



Mechanisms of Monocyte-Endothelial Cell Interactions 

The human monocytic cell line U937, which has not been overtly activated, 
approximates the adhesion behaviour of peripheral blood monocytes [44] .We 
have shown that U937 cells adhere to quiescent porcine EC [44] and more so 
to activated EC [44] (M.T. Millan, submitted). It has been previously shown 
that adherence of human U937 cells to porcine EC under non-activated condi- 
tions is significantly greater than adherence to HUVEC [44], and EC activation 
results in a relatively greater increase in adhesion for the U937-HUVEC combi- 
nation as compared to U937-porcine EC, which have a significantly higher level 
of basal adhesion. This difference does not appear to be explained by the differ- 
ence between arterial and venous EC [44]. 

When we prevented cell contact between human monocytes and porcine EC in 
transwell cultures, EC activation was prevented [16]. These observations suggest 
that direct cell-cell interactions result in cell signalling. Signalling may occur 
through ligation of adhesion receptor molecules such as ICAM-i, which enhances 
the expression of the monocyte-derived MIP-ia in human monocute-HUVEC co- 
cultures [43], or the engagement of E selectin on HUVEC, which enhances the 
adhesive activity of the integrin CDiib/CDi8 on neutrophils [45]. The literature 
describing allogeneic monocyte-EC adhesive interactions varies depending on 
the agonist, e.g. TNF, LPS, phorbol myristate acetate (PM A), duration of stimulus 
and the time points studied following the initial stimulus: P selectin [46-48], E 
selectin [49-51] > ICAM-i [52-55] and VCAM-i [54] have all been shown to be 
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involved in allogeneic monocyte-EC adhesion and may participate in EC activa- 
tion. 

Carbohydrate residues on porcine EC may be recognised by circulating mono- 
cytes and contribute to adhesion, subsequent activation and EC destruction. Rus- 
sell et al. [56] have cloned and characterised a monocyte specific carbohydrate 
binding receptor and the level of expression is up-regulated during allograft 
rejection. 

Monocyte-Natural Killer Cell Interactions 

Although species-specific cytokines generated by activated NK cells, such as 
IFN-y, will not directly stimulate porcine EC responses, IFN-y could activate 
monocytes [57] within the rejecting transplant resulting in TNF-a release and 
further EC activation. In addition, IFN-y stimulated monocytes secrete IL-12 
[58], which can activate NK cells [58, 59] and influence the target spectrum of 
cytotoxic T-cells [59]. IFN-y also synergises with IL-2 to enhance NK cell cyto- 
toxicity [57]. IL-12 and IL-15 are generated by monocytes and can enhance NK 
cell-mediated cytotoxicity and synergise with IL-2. Thus NK cells and monocytes 
may create a cytokine network within the rejecting xenograft. The species speci- 
ficity of these cytokines and their effect on EC is currently under investigation. 



Molecular Incompatibility 

NK cells or monocytes may secrete TNF-a, IFN-y and IL-ia or IL-iP which acti- 
vate human EC, resulting in MHC class I and II and E selectin expression [29, 
57], but human IFN-y and IL-i (3 are relatively species specific and in the 
human to pig system and do not induce the expression of MHC class II or E 
selectin on porcine EC [36] (Table 2). The combination of cross-species cytokine 
reactivity and species specificity gives rise to the concept of “molecular incom- 
patibility” [11, 60], whereby cell-cell interactions may vary according to the 
molecule studied and species combination. The basis for molecular incompatibil- 



Table2. 

Molecular incompatibility 



Human cytokine 


Human EC 


Porcine EC 


IL-la 


-I-(E selectin) 


(E selectin) 


IL-ip 


+(E selectin) 


- 


TNF-a 


-f"i-(E selectin/IL-8) 


-I-(E selectin/IL-8) 


IFN-y 


-h(MHC classes I, II) 


- 



EC, endothelial cell; vWF, von Willebrand factor; PAF, platelet aggregation factor; ICAM, inter- 
cellular adhesion molecular; VCAM, vascular cell adhesion molecule; MHC, major histocom- 
patibility complex; IL, interleukin; MCP, monocyte chemotactic peptide; CSF, colony-stimulating 
factor; GM-CSF, granulocyte-macrophage CSF; PDGF, platelet-derived growth factor; TGF, tran- 
forming growth factor; bFGF, basic fibroblast growth factor; PAI, plasminogen activator inhi- 
bitor; PMN, polymorphonuclear neutrophil; LFA, lymphocyte function-associated antigen; VLA, 
very late activation antigen; aPC, activated protein C. 
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ity may be attributed to either structural variation of the cytokine or cytokine 
receptor. In the case of IFN-y, the species specificity resides in the structure 
of the IFN-y receptor P-chain; transfection of the IFN-y P-chain from the 
same species as the IFN-y can restore IFN-y responsiveness across species [6i]. 
Molecular incapability is not restricted to cytokines and also includes adhesion 
molecules, coagulation factors and enzyme systems. The relative inefficiency of 
the complement regulatory proteins to inhibit complement cascade activation 
in discordant species combinations [3, 62, 63] has been postulated to account 
for the violent and immediate complement-mediated injury of discordant xeno- 
grafts. The interaction of von Wilibrand factor (vWF) with platelet gplb varies 
between species. In the human system sheer stress is required for platelet aggre- 
gation, but contact between porcine vWF and human platelet receptor gplb will 
lead to platelet aggregation in the absence of sheer stress [11, 64]. Therefore, even 
if certain interactions are preserved across species, the products of these interac- 
tions may have different effects [11, 64]. 

Factors in Delayed Xenograft Rejection Other than Monocytes and Natural Killer 
Cells 

Much of this review has focused on the interaction of NK cells and monocytes 
with EC and their subsequent role in graft rejection. In addition, the coagulation 
system plays a major role in vascular occlusion and graft rejection. 

Coagulation 

A characteristic finding in DXR is vascular thrombosis with both fibrin deposi- 
tion and platelet plugging of small vessels. The interaction of tissue factor with 
factor Vila appears to be the dominant interaction in determining the procoagu- 
lative effect in vitro [17]. The source of tissue factor during DXR includes the 
monocyte and the activated EC. 

Thrombomodulin (TM) is expressed on EC and lost in response to EC injury 
[8]. TM binds thrombin and promotes the generation of activated protein C 
(aPC). Coupled with protein S, aPC splits factors Va and Villa, thereby inhibiting 
coagulation [65]. Work in our laboratory has focused on the maintenance of 
thrombomodulin expression on EC during inflammation and the biological func- 
tions of aPC [17]. Using retro- viral mediated gene transfer, porcine EC have been 
transduced with human thrombomodulin [17]. The level of the transduced human 
thrombomodulin is greater than that expressed on human EC and there is a par- 
allel increased conversion of protein C to aPC in the presence of thrombin. Most 
importantly in these experiments, the levels of the thrombomodulin and the 
cofactor activity are not reduced when the EC are stimulated with an agonist. 
In vitro, aPC has been shown to inhibit TNF secretion by monocytes stimulated 
with EPS, interferon-y and phorbol esters [65]. In vivo studies demonstrated a 
marked reduction in endotoxin-induced renal injury. The kidneys in aPC-treated 
animals displayed less fibrin deposition, mononuclear cellular infiltrate, cytokine 
expression and EC activation [66]. Receptors for aPC are expressed on mono- 
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cytes and EC, but the biology of the actions of aPC on EC are yet to be defined 
[66]. Taken together, aPC is an exciting naturally occurring anti-inflammatory 
agent. 

Platelets 

Platelet aggregation is a tightly regulated dynamic process dependent on the 
simultaneous presence of pro- and anticoagulant factors such as EC-derived 
prostacycline, nitric oxide and platelet- activating factor (PAF). The initial bind- 
ing of platelets to the vessel wall is dependent on the interaction of platelet 
GPIb with vWF present in the sub -endothelial matrix. Recent evidence suggests 
that the interaction between human platelets and human EC differ from the inter- 
actions of human platelets with pig EC. Most importantly, porcine vWF sponta- 
neously interacts with the human GPIb receptor leading to platelet activation 
without the sheer stress needed for platelet activation following the interaction 
in allogeneic combinations [64]. The presence of membrane associated ecto- 
ADPases degrade platelet derived ADP [67], reducing platelet aggregation. Rob- 
son and colleagues in our centre have recently shown that TNF-a treatment of 
EC in vitro and hypoxia-reperfusion or hyperacute xenograft rejection are asso- 
ciated with the loss of ecto-ADPase activity [67]. 

Potential Therapeutic Targets 

The rapid rejection of discordant vascularised xenografts has failed to be con- 
trolled with conventional immunosuppressive therapy used for allotransplanta- 
tion. The more detailed understanding of the molecular and cellular biology of 
DXR has led to the introduction of stratagems to inhibit specific segments of 
the rejection process. The complexity of xenograft rejection makes it unlikely 
that any one therapy will be effective and ultimately combinations of therapies 
may be required. The tissue and organ specificity may become important factors 
in the evaluation of potential therapies. The involvement of NK cells and mono- 
cytes in DXR has led to modalities of treatment specifically aimed at inhibiting 
either monocyte or NK cell function. General inhibitors of EC activation may 
well be of value in xenotransplantation, an approach that Anrather, Winkler 
and others [68] in our laboratory have been testing. 



Comment 

We have described the rejection process of a discordant, immediately vascu- 
larised xenograft. The aetiology of DXR appears to be multifactorial involving 
NK cells, monocytes, platelets and activation of the coagulation system. Hypera- 
cute rejection can be avoided by inhibition of complement, although it is not 
clear that there are not factors that contribute to hyperacute rejection that follow- 
ing complement inhibition will simply act later. If HAR is averted, then the graft 
is rejected by factors that we have grouped as constituting DXR. In this paper we 
have focused heavily on the role of human NK cells and monocytes as they inter- 
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act with porcine EC, resulting in cellular activation, cytokine secretion and adhe- 
sion molecule expression. Interactions between infiltrating NK cells and mono- 
cytes will form local cytokine networks within the rejecting xenograft. We 
have briefly discussed the role of factors other than NK cells and monocytes 
in DXR and these have been reviewed in recent articles from our laboratory 
[7, 8, 11]. 

Stratagems will thus likely be required to inhibit EC activation, thrombosis 
and monocyte- and NK cell-mediated responses to achieve further prolongation 
in vascularised discordant xenograft survival using therapies that might be 
acceptable in humans. The understanding of the cellular and molecular basis 
for DXR coupled with novel methods of donor tissue genetic manipulation 
should provide transplant specific immunosuppression and prolong xenograft 
survival. 
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9 Anti-agalactosyl (Anti-Gal) Antibody Damage Beyond 
Hyperacute Rejection 

U. Galili 



Introduction 

Xenotransplantation of pig tissues and organs into humans, or monkeys, is sub- 
jected to immunological incompatibilities greater than those encountered with 
rodent recipients. This is because of the ubiquitous presence of the natural 
anti-agalactosyl (anti-Gal) antibody in Old World monkeys, apes and humans 
versus the abundant production of the a-galactosyl epitope (i.e., Galai-3Gal|3i- 
4 G1 cNAc-R) in nonprimate mammals. This carbohydrate epitope is the natural 
ligand for anti-Gal, and the binding of this natural antibody to the a-galactosyl 
epitope on the porcine cells results in the immune rejection of the xenograft [i]. 
Binding of anti-Gal IgM to porcine cells induces, in general, complement- 
mediated lysis of the cells [2-4]. Furthermore, in vivo neutralization of anti- 
Gal by melibiose (Galai-6Glc) [5], or removal of serum anti-Gal by adsorption 
on an a-galactosyl epitope column [6], results in the elimination of hyperacute 
rejection. 

Studies aimed to abolish hyperacute rejection have been focused primarily on 
the downregulation of human complement activity by raising transgenic pigs 
with human complement regulatory proteins, such as decay-accelerating factor 
(DAF) and CD59 [7, 8]. This approach, which may cope successfully with 
anti-Gal IgM-mediated hyperacute rejection does not resolve the detrimental 
effect of anti-Gal IgG binding to the a-galactosyl epitope on the porcine cells. 
Furthermore, the human and primate immune systems react vigorously against 
the porcine a-galactosyl epitope by producing an abundance of high affinity 
anti-Gal IgG molecules, which are likely to be detrimental to the xenograft 
via mechanisms other than complement-mediated lysis. This chapter includes a 
brief discussion of anti-Gal IgG, its specificity, evolution, production under 
immunologic stimulation by porcine tissues, potential role in chronic rejection 
of a xenograft, and possible approaches for decreasing or eliminating its detri- 
mental effect. 



Anti-Gal and the a-Galactosyl Epitope 

Anti-Gal is a natural polyclonal antibody that constitutes approximately 1% of 
circulating immunoglobulins in humans, apes and Old World monkeys (i.e., 
monkeys of Asia and Africa) [9, 10]. It is mostly of the IgG isotype [9, 11], but 
is also found as IgM and IgA isotypes [3, 11-14]. Anti-Gal interacts specifically 
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with the carbohydrate structure Galai-3Gal(3i-4GlcNAc-R (termed the a-galacto- 
syl epitope), which is abundantly produced on carbohydrate chains of mamma- 
lian glycoproteins and glycolipids [15-18]. In individuals of blood type O or A, 
part of the anti-Gal antibodies are capable of binding also to blood group B anti- 
gen because of the structural similarity between this antigen and the a-galactosyl 
epitope [16]. Anti-Gal also interacts with relatively low affinity with the carbohy- 
drates melibiose and a-methylgalactoside [9]; however, these carbohydrates are 
not produced by mammals. 

Anti-Gal is produced in humans throughout life [9, 19] as a result of contin- 
uous antigenic stimulation by gastrointestinal bacteria [20]. Analysis of anti-Gal 
production by Epstein-Barr virus (EBV)-transformed human B lymphocytes has 
shown that as many as 1% of these lymphocytes are capable of producing the 
antibody [21]. Several different heavy chain immunoglobulin genes, mostly of 
the VH3 family, were found to encode for anti-Gal and to undergo somatic 
mutations [22]. This diversity in anti-Gal-producing genes is likely to be the 
basis for the polyclonality of this natural antibody and for the increased affinity 
of this antibody post-transplantation, as described below. 



Evolution 

Anti-Gal and the a-galactosyl epitope display a unique pattern of distribution in 
mammals. Anti-Gal is found only in humans, apes and Old World monkeys [10, 
23]. In contrast, the a-galactosyl epitope is produced as millions of epitopes per 
cell in nonprimate mammals, prosimians and New World monkeys (i.e., monkeys 
of South America), all of which lack anti-Gal because of immune tolerance to 
the a-galactosyl epitope [10, 23, 24]. This distribution of anti-Gal and a-galac- 
tosyl epitope is the result of the differential activity of the glycosylation enzyme 
ai,3 galactosyltransferase (ai,3GT), which is constitutively active in the Golgi 
apparatus of cells in nonprimate mammals, prosimians and New World monkeys 
[23, 25], producing a-galactosyl epitope on cell surface glycolipids and glycopro- 
teins according to the following reaction [26-28]: 

Galpi-4GlcNAc-R + UDP-Gal ai,3GT Galai-3Gaipi-4GlcNAc-R -h UDP 
(N-acetyllactosamine) ^ (a-galactosyl epitope) 

The ai,3GT gene, which has been cloned from various nonprimate mammals 
[29-32] and from New World monkeys [33], was also found to be present in 
humans and in Old World monkeys as a nonexpressed pseudogene [29, 34-36]. 
The species distribution pattern of ai,3GT suggests that this enzyme appeared 
early in mammalian evolution before the divergence between marsupial and pla- 
cental mammals and has been conserved ever since. ai,3GT has been active in 
primates; however, its activity was suppressed in ancestral Old World primates 
after they diverged from New World monkeys [24]. It is possible that ancestral 
Old World primates were exposed to a pathogen that was detrimental to primates 
and which expressed a-galactosyl epitopes. Such a pathogen was likely to exert a 
strong selective pressure for the evolution of primates that could suppress auto- 
logous a-galactosyl epitope synthesis, thus lose immune tolerance to it and pro- 
duce antibodies (i.e., anti-Gal) as a means of defense [36, 37]. New World mon- 
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keys were not subjected to such a selective pressure because they were geographi- 
cally separated from Old World primates. It is impossible to identify today the 
putative pathogen that induced the evolutionary selection of primates lacking 
the a-galactosyl epitope. However, there are many pathogens currently known 
to express a-galactosyl epitopes, including enveloped viruses [38-40], bacteria 
[20], and protozoa [41, 42]. 

Detailed analysis of the ai,3GT pseudogene in Old World monkeys and apes 
has suggested that the inactivation of ai,3GT in ancestral Old World primates 
occurred during a period in which monkeys and apes already existed as separate 
groups, i.e., less than 28 million years ago, during the Miocene period [35-37]. 
According to the fossil record, apes were a very successful group of primates, 
in terms of number and species variation, in the early Miocene. However, their 
numbers have gradually declined and they disappeared from the fossil record 
in the period of 10-5 million years ago [43]. It is, of course, impossible to deter- 
mine, but tempting to speculate, that the gradual disappearance of apes in the 
mid- to late Miocene is related to the evolutionary selection for individuals 
that succeeded in the suppression of ai,3GT expression [37]. 



Anti-Gal-Mediated Rejection of Xenografts 

The appearance of anti- Gal in Old World monkeys and apes has generated an 
immunologic barrier to the introduction of tissues that express a-galactosyl epi- 
tope because of the interaction of anti-Gal with these epitopes [1]. The presence 
of this barrier, even in primates, was recently demonstrated in the hyperacute 
rejection observed when a New World monkey heart was transplanted into an 
Old World monkey [4]. The damaging effect of anti-Gal can be induced by sev- 
eral mechanisms, among which the following have been experimentally demon- 
strated: (a) complement-mediated lysis, (b) antibody-dependent cell cytotoxicity 
(ADCC), and (c) activation of receptors on the xenograft cells. 

Complement-Mediated Lysis 

Anti-Gal IgM binding to a-galactosyl epitopes on the xenograft cells results in 
activation of the complement cascade and ultimately the lysis of the target 
cells. This was demonstrated with porcine cells in vitro [2, 44], with COS cells 
transfected with recombinant ai,3GT [3], and in vivo in Old World monkeys 
transplanted with organs from New World monkeys or pigs [4]. In vivo, rapid 
complement-mediated damage to the endothelial cells results in the collapse of 
the vascular bed of the xenograft and thus leads to hyperacute rejection. 

Antibody-Dependent Cell Cytotoxicity 

Hyperacute rejection occurs before other immunological mechanisms, which are 
capable of damaging the xenograft, are set into action. Such is the ADCC 
mechanism. Anti-Gal IgG molecules, which are abundant in the serum, bind 
to a-galactosyl epitopes on the xenograft and direct various killer cells, with 
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Fc receptors for IgG, to exert their cytolytic potential on the cells opsonized by 
the antibody [i]. Killer cells capable of binding to the Fc portion of anti-Gal 
include granulocytes, monocytes/macrophages, and natural killer cells. As dis- 
cussed below, the efficacy of this mechanism is likely to increase posttransplan- 
tation because of the production of high-affinity anti-Gal IgG clones as an 
immune response to the a-galactosyl epitope on the xenograft. 

Activation of Receptors on the Xenograft Cells 

Most of the cell surface receptors are glycoproteins which, in cells with active 
ai,3GT, are likely to have a-galactosyl epitopes on part of their carbohydrate 
chains. Binding of anti-Gal to these epitopes may result in a continuous activa- 
tion of such receptors and thus damage the physiologic activity of the cells (e.g., 
endothelial cells, mesangial cells, or heart muscle cells). Porcine thyroid cells 
may serve as an example for such a mechanism. Incubation of these cells with 
anti-Gal resulted in a stimulatory effect similar to that of thyrotropin (TSH), 
due to the binding of anti-Gal to the TSH receptors on the porcine cells [46]. 
It is conceivable that a similar mechanism would induce the continuous stimula- 
tion of endothelial cells and other cells of the xenograft. 



Anti-Gal Production in Response to Xenografts 

Hyperacute rejection mediated by anti-Gal IgM and complement has been, and 
still is, a formidable obstacle for xenotransplantation, which may be overcome 
by the generation of transgenic pigs for complement-regulatory proteins, such 
as DAF and CD59 [7, 8]. As indicated above, by avoiding hyperacute rejection, 
other mechanisms, primarily ADCC, are likely to start inducing the destruction 
of the xenograft in a more insidious manner. Such destruction will be exacer- 
bated by the stimulation of the immune system to further response to the a- 
galactosyl epitope on the xenograft. This is because anti-Gal activity is not con- 
fined to the natural level observed in humans, but can alter significantly. 

The evolution of the anti-Gal immune response in Old World primates appar- 
ently includes the ability to respond effectively against a-galactosyl epitopes on 
the xenograft by actively producing high-affinity anti-Gal antibody clones. 
These antibodies are probably highly detrimental to the graft because of their 
strong interaction with a-galactosyl epitopes. The production of such antibodies 
was clearly demonstrated in the serum of diabetic patients that received xeno- 
grafts of fetal porcine islet cell clusters together with allogeneic kidney grafts 
[47]. The titer of anti-Gal in these patients increased by 20- to loo-fold within 
7 weeks post-transplantation as a result of the immune response against the por- 
cine a-galactosyl epitope [12, 48]. Accordingly, the affinity of the antibody was 
found to increase many times [12]. This immune response, which included 
IgG, IgM, and IgA anti-Gal antibodies, occurred in spite of the massive immu- 
nosuppressive therapy delivered to these patients [47]. These observations 
imply that the stimulation of the human immune system by the porcine a-galac- 
tosyl epitope is powerful enough to be effective under conditions in which the 
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allogeneic response is suppressed. In addition, we have recently observed a simi- 
lar phenomenon in monkeys. Cynomolgus monkeys, transplanted with approxi- 
mately 0.5 g porcine or bovine meniscus cartilage, produced within the first 
2 weeks post-transplantation anti-Gal in titers that were higher by ten- to 
loo-fold than the pretransplantation titers. This high activity was maintained 
as long as the xenograft was not removed (Galili and Stone, manuscript in pre- 
paration). 

In view of the polyclonality of anti-Gal [9, 22] and the somatic mutations 
which occur in anti-Gal genes [22], it is probable that the introduction of porcine 
tissue into humans or Old World monkeys results in the stimulation of the 
immune system by porcine a-galactosyl epitopes, leading to the rapid selective 
expansion of B lymphoid clones that are capable of producing high-affinity 
anti-Gal antibodies, primarily of the IgG class. The increased production of 
high-affinity anti-Gal occurs for at least as long as the xenograft is present in 
the body, and is not significantly affected by immunosuppressive regimens that 
prevent allogeneic graft rejection. This anti-Gal immune response ought to be 
of great concern in xenotransplantation. Even if the detrimental effect of comple- 
ment is avoided, the high-affinity interaction between these anti-Gal antibodies 
and the xenograft would facilitate chronic inflammatory reactions via the ADCC 
mechanism. 



a-Galactosyl Epitope and Genetically Engineered Pigs 

These considerations may be of particular relevance to the studies aimed at 
decreasing a-galactosyl epitope expression on porcine cells by generating trans- 
genic pigs producing fucosyltransferase [49] (Chap. 50). In such animals, the 
enzyme produced by the transgene competes with ai,3GT for “capping” of the 
porcine cell carbohydrate chains of glycolipids and glycoproteins (with fucosyl 
residues) in order to generate histo-blood group H epitopes rather than a-galac- 
tosyl epitopes [49]. Since ai,3GT is extensively active in porcine cells, it is 
probable that such a competition will not completely eliminate, but rather 
decrease, the expression of a-galactosyl epitopes. The number of a-galactosyl 
epitopes per porcine cell usually ranges between one and 30 million [24]. Even if 
competition by fucosyltransferase succeeds in reducing a-galactosyl epitope 
expression by 95 %, the remaining >10^ a-galactosyl epitopes per cell may be suf- 
ficient to induce the production of high-affinity anti-Gal and the subsequent 
binding of these antibody molecules to porcine cells for the effective propagation 
of ADCC. 

These considerations are not presented to discourage the performance of stu- 
dies of transgenic pigs producing various glycosyltransferases. It may be that 
decreasing the expression of the a-galactosyl epitope below a certain unknown 
threshold will be sufficient for induction of the accommodation phenomenon 
observed in ABO-mismatched allogeneic grafts [50]. Furthermore, a decrease 
in a-galactosyl epitope expression may be helpful in the induction of chimerism 
with porcine bone marrow or thymus [51]. 
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Complete elimination of the a-galactosyl epitope from porcine cells is likely to 
resolve all the acute and chronic immune rejection processes mediated by anti- 
Gal. This may be achieved by genetically engineering and breeding “knockout” 
pigs deficient in ai,3GT. Recent reports of success in raising such knockout 
mice [52] (Chap. 51) implies that nonprimate mammals can develop and survive 
without the a-galactosyl epitope. Thus, the disruption of the ai,3GT gene in pigs 
and the successful growth of knockout pigs lacking a-galactosyl epitopes may be 
only a technical problem, dependent on obtaining appropriate embryonic stem 
cells. Such cells from porcine origin are not available as yet. 



Comment 

Overall, the information on the immune response in primates and humans that 
receive porcine xenografts suggests that the massive production of anti-Gal 
against the a-galactosyl epitope on the xenograft may be detrimental to the sur- 
vival of the graft even if complement-mediated lysis is prevented. In view of this 
extensive immune response it is not clear whether decreasing a-galactosyl epi- 
tope expression by competition with other glycosyltransferases expressed in 
transgenic pigs will be sufficient to overcome the immunologic barrier provided 
by anti-Gal. The ultimate solution for overcoming this barrier may be the devel- 
opment of a pig strain that lacks the a-galactosyl epitope due to the disruption of 
the ai,3GT gene. 
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Introduction 

Significant progress towards an understanding of the mechanisms of recognition 
and rejection of xenogeneic grafts has been witnessed in the past few years. Not 
only has the molecular basis of discordant xenogeneic tissue recognition begun 
to become unveiled, but transgenic large animals have been generated that 
express gene products capable of efficiently interfering with some of the phe- 
nomena of immune recognition responsible for graft rejection [i, 2]. Pigs expres- 
sing human complement-regulating proteins have been successfully generated, 
and preclinical transplantation models in primate recipients appear promising 
[2, 3]. It is easy to foresee that the first clinical trials of discordant xenotrans- 
plantation will take place in the near future. 

It is now well established that a major role in the immunogenicity of discor- 
dant species organs is played by carbohydrate structures expressed on the surface 
of selected tissues, including the vascular endothelial cell (EC), that are recog- 
nized by preformed natural antibodies of IgM and IgG class [4-6]. One such 
structure, which plays a crucial role as a target in the immune recognition by 
humans, has been defined in detail and found to be an a-galactosyl structure 
with ai-3 linkage, synthesized by an ai,3-galactosyltransferase [7-9], the expres- 
sion of which is lost in higher species (New World monkeys and humans) due to 
partial deletion, nonsense or missense mutations in the coding gene affecting 
both alleles [10, 11]. Thus, the presence of antibodies recognizing defined carbo- 
hydrate epitopes in a given species may result from the absence of potentially tol- 
erogenic carbohydrate epitopes during the acquisition of the immune repertoire. 
A very promising approach towards the modulation of the xenogeneic cell surface 
carbohydrate profile has been recently described that takes advantage of the com- 
petition of the human ai,2-fucosyltransferase for the same substrate used by the 
ai,3-galactosyltransferase (and apparently with a higher affinity), so that the 
introduction of the human enzyme in a xenogeneic cell expressing the galactosyl- 
transferase functionally inactivates it [12]. 

Binding of human immunoglobulins to the luminal surface of vascular EC in a 
discordant xenogeneic organ leads to the activation of the complement cascade, 
to the activation of vascular EC (with consequent changes in their functional pro- 
file), to the initiation of coagulation, and eventually to massive thrombosis and 
intraparenchymal hemorrhage [13, 14]. Fibrin is deposited, platelets aggregate, 
and polymorphonuclear cells concentrate at the site of rejection. This series of 
events, known as hyperacute rejection, leads to functional loss of the discordant 
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vascularized organ within minutes (or up to a few hours) from revascularization. 
While the role of IgM binding and complement activation represents a critical 
initiating event in the pathogenesis of graft rejection, there have been sugges- 
tions that additional mechanisms might also participate in causing hyperacute 
rejection [15, 16]. 

We have in the past proposed a role for early cell-mediated recognition of vas- 
cularized discordant grafts in determining the fate of a graft [17-19]. This is 
based on the observation of productive interaction between the vascular EC 
and selected lymphocyte subsets of the recipient both in ex vivo and in vitro 
experimental model systems. While the exact contribution of these cell-mediated 
recognition events in the unmanipulated recipient has been difficult to establish, 
it appears that when humoral hyperacute graft rejection is prevented or delayed, 
early cell-mediated recognition of the implanted organ might play an important 
role. These observations, obtained in vivo [20, 21], have led to the definition of 
an additional mechanism of rejection (delayed xenograft rejection, DXR) that 
represents a second obstacle to successful xenotransplantation across a discor- 
dant species barrier. The identification of the molecular targets of this cell- 
mediated recognition therefore appears to be of crucial importance for the full 
understanding of discordant vascularized xenotransplantation rejection. 

A subsequent obstacle to successful xenotransplantation is represented by 
events of cell-mediated recognition similar to the ones that take place in the allo- 
geneic setting, that have been defined as dependent mostly on the activation of 
T cells, and require the participation of donor-derived macrophages 
[22-24]. 

Less clear is what happens when cell or tissue (nonvascularized) transplants 
are performed across a discordant species barrier [25]. While studies conducted 
in recipient mice have suggested that T lymphocytes play the major role in deter- 
mining the fate of the grafted cells (e.g., human islets of Langerhans readily 
engraft in the T cell-deficient nude mouse), it has been recently postulated 
that preformed natural antibodies might play a role also in the recognition of 
such cell transplants, particularly when large animals and primates are used as 
recipients [26-28]. 



Early Cellular Recognition of Discordant Xenogeneic Vascular Targets 

Our interest in the past several years has been focused on defining the character- 
istics of the early cellular recognition of vascularized discordant grafts, by utiliz- 
ing ex vivo and in vitro approaches. In the ex vivo approach, a rat heart was 
explanted and immediately perfused with thermostated, oxygenated buffer in a 
Langendorff apparatus [17, 18]. This approach allows the heart to keep beating 
without significantly altering its mechanical performance for several hours. Var- 
ious parameters can be measured that reflect both mechanical performance (such 
as systolic and diastolic pressure) and other functional variables, such as vascu- 
lar resistance (coronary pressure). The buffer composition can be altered by add- 
ing cells and/or immunoglobulins of any given species to partly mimic the early 
events of recognition of the vascularized organ that would take place if the organ 
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were transplanted in a xenogeneic setting. The advantage of this approach is that 
the variables introduced in the system can be strictly controlled, making it pos- 
sible to define with relative ease causal relationships between single variables and 
observed phenomena. The obvious disadvantage is that the introduction of arti- 
facts, due to the limited capability of reproducing ex vivo the complexity of the 
in vivo situation, might lead to observations that cannot be immediately extrapo- 
lated to the in vivo situation. 

Rat hearts were perfused with human peripheral blood mononuclear cells, 
freshly isolated from normal volunteers. The starting concentration of human 
peripheral blood leukocytes (PBL) was within the normal range in peripheral 
blood, at lo^ cells/ml. Macrophages were removed prior to circulating the 
human cells through the rat organ, since nonspecific sequestration of macro- 
phages in the apparatus (due to adhesion to the oxygenator membranes) was 
observed. The perfusing buffer (Krebs’ Ringer Hepes) contained normal, pooled, 
heat-inactivated human serum at a final concentration of 2% v/v. 

Experiments were also performed in which the human serum was pretreated to 
eliminate IgG by means of affinity chromatography on solid phase-bound protein 
G. Lastly, some experiments were performed in which the IgG-depleted serum 
was reconstituted by the addition of purified human IgG. 

Human PBL were retained in the rat heart in a time-dependent fashion. At the 
end of the experimental time frame (60 min), when unmanipulated whole human 
serum (HS) was present, approximately 30 %-40 % of the input cells could not be 
recovered from the recirculating perfusing buffer. When IgG-depleted HS was 
used, the percentage of human cell sequestration dropped to approximately 
20%. Comparison of the phenotypic profiles of the human cells before and 
after several cycles of perfusion suggested that particular cell subsets might be 
preferentially retained. In particular, cells bearing the CD16 and CD56 surface 
molecules - markers associated with natural killer (NK) cells - showed a marked 
reduction, as did cells expressing high density of the leukocyte integrin lympho- 
cyte function-associated antigen (LFA)-i. These observations suggested that NK 
cells might be preferentially sequestrated in the xenogeneic organ. To formally 
prove that this was the case, highly enriched NK cell preparations were obtained 
by combined purification techniques (B and T cell depletion), and circulated in 
the xenogeneic organs. Negative subset selection protocols were used to avoid 
the possibility of activating NK cells during a positive selection procedure. 
When enriched NK cell preparations (routinely >90 % 0016"^, CD3~, CD5") 
were circulated through the rat heart, in the presence of human IgG, up to 
90 % of the cells were retained in the organ in 60 min. When IgG was removed 
from the serum prior to perfusion, the percentage of sequestration dropped to 
approximately 40%. Add-back experiments showed that the sequestration effi- 
ciency could be causally linked to the presence or absence of IgG. 

The performance of the heart was profoundly influenced by perfusion with 
NK cells in the presence of IgG - systolic pressure decreased, diastolic pressure 
increased, and the vascular resistance, as judged by coronary pressure values, 
increased [17]. The perfused rat heart increased substantially in volume, and 
became pale, likely because of interstitial edema. At the end of the experimental 
time, the organs were no longer rhythmically beating, mimicking to some extent 
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an in vivo event of cell- mediated acute rejection. When human NK cells were cir- 
culated through the heart in the presence of IgG-depleted serum, although signif- 
icant sequestration was still observed, no dramatic alterations in the heart per- 
formance or coronary pressure were recorded [17-19]. 

Similarly, perfusion of the xenogeneic organ with purified T cells did not lead 
to any significant alteration of either performance or vascular resistance, 
although some sequestration of human T cells was consistently observed 
(25%-3o% of the input in 60 min). Interestingly, T cell sequestration rate was 
not influenced by the presence or absence of human IgG. Histological analysis 
of the hearts that had been perfused with human IgG and NK cells revealed 
that IgG bound to the inner surface of the vascular EC, and that NK cells were 
binding to the same surface, and had infiltrated the parenchyma [17] (Fig. 1). Vas- 
cular permeability was grossly altered, as suggested by the macroscopic observa- 
tion of the hearts, and confirmed by the interstitial extravasation of colloidal car- 
bon black (China ink) infused at the end of the experimental procedure. 
Conversely, colloidal carbon was retained in the vasculature when circulated in 
the control hearts (perfused with human T cells or with syngeneic or allogeneic 
rat cells). 

Leukocyte-EC interaction is a complex multi-step process that requires the 
ordinate engagement of a series of receptor-ligand couples on the two cell part- 
ners. Molecular compatibility has been demonstrated in selected species combi- 
nations, including human/porcine [29], and our observations of NK cells adher- 
ing to xenogeneic EC and transmigrating into the parenchyma of the heart 
strongly suggest that productive interactions are taking place between the cell 
partners in the human/rat species combination as well, and prompted us to eval- 
uate the possibility of interfering with such interactions to prevent adhesion and 
transmigration. For this reason, human NK cells were circulated through the rat 
heart after they had been pretreated with saturating concentrations of monoclo- 
nal antibodies specific for either the a- or the P-chain of the two leukocyte integ- 
rins expressed on human NK cells (LFA-i and Mac-i). Inhibition of NK cell 
sequestration was observed when either anti-a-chain antibody was used and 
was maximal (80% inhibition) when an anti-p-chain antibody was used. The 
P-chain is shared by the two heterodimeric leukocyte integrins and, therefore, 
an anti-P-chain antibody targets both molecules at the same time, easily explain- 
ing the higher degree of inhibition observed [18, 19]. 

How do IgGs influence NK cell sequestration in the xenogeneic organ? At least 
two hypotheses could be postulated to explain this phenomenon: the first would 
suggest that IgG could, by binding to the xenogeneic EC, induce modification(s) 
of the EC themselves, making them a better substrate for lymphocyte adhesion. 
This first hypothesis is somehow weakened (although not ruled out) by the 
observation that T cell adhesion is uninfluenced by the presence of IgG. The sec- 
ond explanation of the IgG-mediated enhancement of cell sequestration could be 
found by hypothesizing the engagement of the receptor for the Fc fragment of 
IgG (FcyR III, CD16) expressed on the surface of NK cells, “bridging” the 
CD16**' cells to the target structures. To ascertain whether this was the case, 
human NK cells were pretreated with antibodies capable of recognizing and func- 
tionally inhibiting the FcyR III, prior to perfusion through the rat heart. In keep- 
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Fig. 1a,b. Human natural killer (NK) cells productively interact with a discordant xenogeneic 
organ ex vivo. Histological analysis of a rat heart after ex vivo perfusion with human NK 
cells in the presence of human IgG. a A small vessel of the myocardium shows the presence 
of a human NK lymphocyte (arrowhead) adhering to the endothelium, b Numerous NK cells 
are observed (arrowheads) infiltrating the myocardial parenchyma. In both cases, positive iden- 
tification of the NK cells was obtained by immunohistochemistry using an anti-CDi6 monoclo- 
nal antibody 
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ing with the hypothesis of a crucial role of the FcyR III molecule in determining 
the enhancement of NK cell adhesion to xenogeneic EC in the presence of IgG, a 
significant inhibition of the IgG-dependent adhesion was observed. 

The observations in the ex vivo system allowed us to draw the following con- 
clusions: a productive interaction between human lymphocytes and xenogeneic 
endothelium takes place and is at least partly dependent on the functional integ- 
rity of leukocyte integrins; preferential interaction is observed between NK cells 
and EC in the xenogeneic heart, and NK cells appear capable of transmigrating 
into the heart parenchyma; adhesion to xenogeneic targets takes place through at 
least two pathways, one dependent on, the other independent of the presence of 
human IgG; in the presence of IgG, NK cells induce profound alterations in the/ 
heart performance and lead to increased vascular resistance and loss of selective 
permeability of the capillary vasculature. 

In order to confirm and extend the findings obtained in the ex vivo model 
system, experiments were performed with purified human NK cells in vitro. 
Adhesion to cultured monolayers of EC obtained from various species was eval- 
uated, as well as NK-mediated lysis of the xenogeneic EC. 

Productive interaction of the enriched preparations of human NK cells was 
indeed confirmed in the in vitro tests and, similarly to the ex vivo system, the 
presence of human IgG was capable of enhancing the adhesion of NK cells to 
the xenogeneic EC. Also, the important role of the leukocyte integrins LFA-i 
and Mac-1 was confirmed in the in vitro tests. Similar results were obtained in 
the experiments that used porcine, bovine, and murine EC [17-19]. 

The cytotoxic potential of human NK cells was also evaluated in vitro on cul- 
tured EC monolayers of different species. Consistent with the results of the ex 
vivo and in vitro adhesion assays, efficient lysis of the xenogeneic EC was 
mediated by human NK cells. Once again, lysis was more efficient in the presence 
of human IgG during the assay. An important role of the leukocyte integrins 
LFA-i and Mac-i could also be confirmed in the in vitro cytotoxicity assays by 
antibody-mediated inhibition experiments [17, 19]. 

Cytotoxicity is difficult to directly demonstrate in the ex vivo system, but the 
severely altered vascular permeability observed in the ex vivo perfusion system, 
together with the lytic activity observed in vitro strongly suggest that cell lysis of 
the vascular EC of the coronary vasculature takes place in the ex vivo perfusion 
experiments. 

T cell subsets (also obtained freshly by negative selection techniques) of either 
the CD4 or the CDS phenotype did not appear capable of mediating any signifi- 
cant lysis of the endothelial monolayers either in the presence or in the absence 
of human IgG. 

These data point to a potentially important role of the NK cell subset in the 
early events of recognition and rejection of a discordant vascularized graft in 
vivo; recently, as already mentioned, results from in vivo experimental systems 
in which hyperacute rejection has been successfully delayed have confirmed 
that NK cells and other leukocyte subsets, such as macrophages, appear in the 
organ at the time of rejection as infiltrating elements, providing strong evidence 
to support a role for such populations in delayed xenograft rejection [20, 21]. 
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While the mechanisms by which T cells recognize antigens have been charac- 
terized in detail, very little is known about NK cell-mediated recognition of the 
relevant targets. The definition of the xenogeneic structures recognized by NK 
cells therefore might not only represent an important step toward the under- 
standing of xenograft rejection, but could also contribute to the elucidation of 
more general mechanisms of NK cell biology. Furthermore, the ex vivo model 
system could prove itself useful in the study of the early cellular events of leuko- 
cyte adhesion in a dynamic fashion. 



Direct Immune Recognition of Xenogeneic Vascular and Nonvascular 
Tissues: Requirements for the Activation and Adhesion Steps 

The earliest cell-mediated events underlying the recognition of a genetically mis- 
matched graft by immune cells are still poorly characterized. This is mainly due 
to the lack of experimental settings adequate for the study of the extremely fast 
kinetics of cell-cell interaction in vivo. It can be assumed, however, that antigen- 
independent cell-cell adhesion events represent the initial trigger for subsequent 
inflammatory processes that contribute to the recruitment of large numbers of 
immunocompetent cells to the site of graft implantation. Two lines of evidence 
support this assumption: first, immunohistochemical analysis of biopsies taken 
at very early time points after implantation of the graft shows the presence of 
early signs of tissue damage, such as EC “swelling,” but only scanty cellular infil- 
trates, mainly represented by polymorphonuclear cells (PMN) and macrophages, 
with few T lymphocytes [30]. This is not surprising, as the relative frequency of 
circulating T cells bearing antigen receptor complexes capable of recognizing the 
relevant foreign major histocompatibility complex (MHC) peptide complexes is 
expected to be fairly low and insufficient to account for significant recruitment 
of unprimed T lymphocytes into the grafted tissues. Second, experimental mod- 
els of syngeneic vascular grafts show early pathologic changes in the grafted syn- 
geneic tissue that include EC edema and polymorphonuclear cell infiltration [31, 
32]. Thus, non-immune-mediated tissue damage may be the initial trigger for the 
inflammatory cascade leading to immune recognition of the graft. 

The initial step in cell-mediated immune recognition of virtually every anti- 
gen-bearing tissue is represented by the establishment of firm intercellular adhe- 
sion between the leukocyte and the opposing cell. On the other hand, it has been 
demonstrated that firm adhesion of leukocytes to other cells, though required for 
triggering subsequent effector functions or inducing post-translational and tran- 
scriptional events associated with cell cycle progression of the leukocyte, does 
not occur in the absence of an initial activating stimulus acting on non adherent 
or loosely adherent leukocytes [33, 34]. The mechanistic explanation for the acti- 
vation-dependence of leukocyte adhesion has been provided by structural and 
functional studies on leukocyte adhesion receptors, both of the immunoglobulin 
(i.e., CD31) [35] and of the integrin family (i.e., CDiia, b, c/CDi8) [36]. Such stu- 
dies have demonstrated that surface integrins are normally in a low avidity state 
for the ligand, but can be functionally upregulated by a number of activating sti- 
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muli, which transiently increase the avidity for the ligand via a poorly defined 
intracellular pathway. 

Several molecular events, whose causal relationships and temporal sequence 
are as yet poorly defined, parallel the energy-dependent conversion of inactive 
leukocyte integrins to a ligand-binding conformation, downstream from the acti- 
vating stimulus. These include protein kinase C activation and translocation [37, 
38], phosphorylation on serine residues of both subunits of the heterodimer [39, 
40] and acquisition of neo-epitopes by the extracellular domains of the a- and P- 
subunits [41-45]. In addition, energy-independent avidity shifts in integrins have 
been shown to occur as a consequence of changes in extracellular divalent cation 
concentration [42, 46], upon the release of small unsaturated lipids by activated 
cells [47], or upon activation-induced upregulation of surface receptor density. 
The activated state of leukocyte or platelet integrins is clearly accompanied by 
a conformational change (allosteric transition) in the extracellular domains of 
the heterodimer, as defined by the acquisition of neo-epitopes which are charac- 
teristic of the ligand-binding conformation of the receptor [41, 44, 45, 48]. Addi- 
tionally, reversible association of the adhesion receptor to the actin-based cytos- 
keleton, likely to be mediated by a complex of peripheral proteins which includes 
talin, a-actinin and vinculin, has been shown by our [39] and other groups [49- 
51] to parallel the activation-induced avidity shift of leukocyte and platelet integ- 
rins (see below). Two models have been proposed to causally relate the above 
described phenomena. One model predicts that cell activation directly promotes 
a conformational change in the receptor, followed by ligand recognition, receptor 
clustering and cytoskeletal reorganization. Alternatively, it can be postulated that 
activation-induced physical association of the receptor to cytoskeletal elements 
precedes, and possibly promotes, conformational changes in the ligand-binding 
sites located in the receptor’s extracellular domains, with subsequent engagement 
of the ligand. 

Thus, direct or indirect antigen recognition is not strictly required to promote 
the initial adhesion of immune cells to genetically disparate tissues, provided that 
alternative activation pathways exist capable of upregulating the adhesive and 
migratory properties of circulating leukocytes. On the other hand, the recruit- 
ment of inflammatory cells such as PMN, and their subsequent activation in 
the local microenvironment of the grafted tissue, would lead to marked func- 
tional and structural changes of the graft vasculature, thus increasing the likeli- 
hood of potentially reactive antigen receptor-positive T cells coming in direct 
contact with the relevant alio- or xenogeneic MHC/peptide complexes. 

What is the nature of this activating stimulus, acting at the interface between 
the grafted tissue and the host immune system, and capable of initiating the 
complex network of cellular interactions that leads to disruptive leukocyte infil- 
tration of the graft? 

Metabolic changes occurring in the grafted tissue prior to implantation may 
represent a major cause of pro -inflammatory reactions leading to enhanced leu- 
kocyte adhesion to the graft’s vascular or nonvascular components. In a process 
sharing features with the ischemia-reperfusion injury, intracellular events occur- 
ring during the initial phases of reperfusion of the implanted organ (such as the 
conversion of xanthine dehydrogenase to xanthine oxidase, or the reduced endo- 
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genous production of nitric oxide) [52, 53] may lead to free oxygen radical- 
mediated changes at the level of the endothelium and of circulating leukocytes. 
Additionally, increased leukocyte adhesion to and transmigration through the 
damaged endothelium may result from upregulated expression of P selectin by 
vascular cells [54-56] or of specific selectin ligands by the leukocytes [57], a 
rapid response to injury that does not require protein synthesis. A third possibi- 
lity, that emerged from our previous studies using an ex vivo model of xenograft 
immune recognition, is that circulating antibodies of the G class, recognizing EC 
surface structures, mediate upregulated EC adhesion by FcyR-expressing leuko- 
cytes, such as PMN and NK cells [17-19]. Such process would represent a special 
case of the Arthus phenomenon, known for a number of years and recently revis- 
ited in the context of FcyR-mediated inflammatory processes [58]. 



Direct Recognition of Xenogeneic Carbohydrate Epitopes by Human 
Natural Killer Cells 

We analyzed in detail the molecular components of NK-mediated xenogeneic tis- 
sue recognition, with particular emphasis on the antibody-independent pathway, 
relative to XNA reactivity [59]. Our analysis was initially focused on IgG XNA, 
following the indication that this antibody class contributes to the early, cell- 
mediated recognition of xenogeneic tissues by FcyR III^ leukocyte subsets. Vas- 
cular endothelium was chosen as a target tissue as it is likely to be the first and 
prominent xenoantigen-bearing tissue encountered in vivo by the host’s immune 
system in a vascularized graft setting. As previously reported using whole organs 
or red cells from unrelated species, preabsorption experiments using vascular EC 
from various species indicated that human XNA, though nonreactive with homo- 
logous cells, display broad cross-reactivity across a discordant xenogeneic species 
barrier. Some degree of heterogeneity in the recognized antigens, however, may 
exist, as suggested by the variable efficiency of EC from a given species in pre- 
absorbing XNA directed towards unrelated species. This variability appears to 
involve a minority of circulating XNA whose defined specificity and potential 
biological significance cannot be explored by simple pre-absorption experiments 
and did not represent the primary focus of this study. 

A large panel of carbohydrates was used to evaluate the inhibition of IgG XNA 
binding to xenogeneic EC to confirm and extend similar studies performed to 
define the specificity of IgM XNA-binding to xenogeneic EC [9]. The results of 
this study are shown in Table 1. 

These blocking experiments show that aGal and aMan-containing mono-, di- 
or polysaccharides were displacing XNA binding to xenogeneic EC with relatively 
high efficiency, considering the demonstrated low affinity and elevated off-rate 
constants of carbohydrate/XNA binding in solution. Remarkable variability was 
observed in the IC50 (concentrations needed to obtain 50 % binding inhibition) 
of various epimeric or anomeric forms of a given monosaccharide, suggesting 
that the relevant XNA display fine specificities that involve the spatial orientation 
and accessibility of defined hydroxyl groups, rather than simple surface charge of 
the recognized carbohydrate epitopes. This is exemplified by the remarkable dif- 
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Tablet. Inhibition of XNA 
reactivity towards pig 
endothelial cells (EC) by 
carbohydrates in solution 



Sugar 


Features 


IC 50 

(mM) 


D-Glucose 


Hexose, aldose 


>100 


D-Arabinose 


Pentose, ketose 


>100 


a-D-Mannose 


d-G1c epimer at C2 


12.8 


a-D-Galactose 


d-G1c epimer at C4 


10.8 


D-Mannose-6P 


Hexose monophosphate 


15.6 


D-Fructose-lP 


Hexose monophosphate 


>100 


p-L-Fucose-6P 


Methyl-hexose monophosphate >100 


N-Methyl-galactose 


Methyl-hexose 


18.4 


Methyl-a-D-Galp 


Cyclic methyl-hexose 


8.7 


Methyl- p-D-Galp 


Cyclic methyl-hexose 


39.9 


P-D-iV-Acetylglucosamine 


N-Acetyl-hexose 


38.2 


N-Acetylneuraminate 


Carboxyl-hexose 


>100 


Melibiose 


6-a-D-Galp-D-Glc 


8.4 


Sucrose 


P-D-Fru/-a-D-Glcp 


>100 


Arabino-galactan 


Linear polysaccharide 


N.T. 


Mannah 


Linear polysaccharide 


N.T. 



Glc, glucose; Gal, galactose; Fru, fructose; p, pyranoside; 
/, furanoside; P, phosphate; N.T., not tested. 



ference in the IC50 of o-glucose (>100 mM) and D-galactose (10.8 mM), that are 
epimers at the carbon atom in position 4 and, on the other hand, by the compar- 
able inhibitory effects displayed by o-mannose and its phosphorylated, anionic 
derivative, mannose-6-phosphate. The previously reported ability of rhamnose 
to inhibit XNA reactivity, which we also demonstrated in our model, confirms 
that fine differences in the spatial orientation of hydroxyl groups may have a pro- 
found influence on XNA reactivity. Rhamnose is a 6-deoxy stereoisomer of man- 
nose that shares identical orientation of the asymmetric carbon atoms in position 
3 and 4, and displaces XNA binding with similar efficiency. Interestingly, (3-l- 
fucose-6P and NANA, both commonly found as terminal carbohydrate residues 
on human cell surface glycoproteins and glycolipids, were ineffective at displa- 
cing XNA binding, despite being efficient inhibitors of lymphocyte-EC adhesion 
(see below). The relevant contribution of terminal aGal residues in XNA reactiv- 
ity has been thoroughly established in previous studies [7-10]. Interestingly, our 
findings underscore the importance of mannose-containing epitopes as potential 
xenoantigens expressed by various discordant xenogeneic EC. Mannose-rich gly- 
cans are abundant in early eucaryotes, including common protozoa and parasites. 
This could explain the persistence of cross-reacting “natural” antibodies that also 
recognize xenogeneic mannose-containing structures. 

Purified F(ab’)2 fragments of pooled human IgG effectively competed whole 
XNA binding to pig EC, with IC50 observed at concentrations one order of mag- 
nitude higher than the reference 10 pM concentration of XNA used in the assay. 
Even lower concentrations of F(ab’)2 fragments could be used by pretreating 
xenogeneic cells with this reagent rather than performing the competition 
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assay at equilibrium (not shown). This suggests that a similar approach could be 
devised to limit primate or human XNA binding in vivo in experimental or clin- 
ical xenograft models, in an attempt to prevent Fc-dependent humoral or cell- 
mediated (see below) pathogenic processes leading to hyperacute rejection. The 
reported low affinity of XNA binding to the relevant tissue antigens, however, 
raises questions about the persistence of such binding in vivo for a time suffi- 
cient to achieve significant and long-lasting protection. 

In an attempt to selectively define the specificity of NK cell recognition of 
xenogeneic EC, the same panel of carbohydrates was used in solution to interfere 
with binding of NK cells to xenogeneic cultured EC of porcine origin. As we have 
reported in previous studies [17-19], NK cells efficiently adhere to and lyse xeno- 
geneic EC independently of EC-bound IgG XNA. To assess whether xenogeneic 
oligosaccharide ligands were involved in this process, adhesion assays were per- 
formed in the presence of oligosaccharides in solution. NK cell-depleted, purified 
T cells from the same donor were used as a specificity control. Furthermore, 
adhesion of NK cells and T cells to allogeneic endothelia was evaluated and com- 
pared to adhesion to xenogeneic targets, in the presence or absence of the same 
carbohydrates, in order to ascertain the specificity of the effects of the oligosac- 
charides in the recognition of xenogeneic versus allogeneic targets. 

The results of such experiments, shown in Fig. 2 and Table 2, demonstrate that 
only a limited set of carbohydrates effectively and selectively inhibit IgG-indepen- 
dent adhesion of NK cells to xenogeneic targets, including melibiose and a-o-man- 
nose; on the other hand, most inhibitory carbohydrates had limited selectivity, in 
that they partially inhibited adhesion to both xenogeneic and allogeneic endothe- 
lial targets; finally, and as previously reported in the literature, a limited set of oli- 
gosaccharides (such as fructose-iP, NANA, and ( 3 -L-fucose) appeared capable of 
mediating significant inhibition of adhesion, irrespective of the effector cell subset 
(NK and T cells) and the species combination (xeno- and allogeneic) examined. As 
previously mentioned, we have in the past reported that human NK cells adhere to 
xenogeneic endothelial targets via at least two pathways, one dependent on, the 
other independent of the presence of human IgG XNA [17-19]. It therefore 
appeared conceivable to hypothesize that both pathways could be inhibited by 
the addition of human XNA IgG F(ab’)2 fragments, in view of the aforementioned 
overlap of the specificity of inhibition of selected carbohydrates on IgG binding 
and IgG-independent adhesion of human NK cells to xenogeneic EC. To test this 
hypothesis, F(ab’)2 fragments of pooled human IgG were used to compete with 
the antibody- dependent and -independent adhesion of NK cells to xenogeneic 
EC monolayers. As controls, we utilized allogeneic EC cultures or monolayers of 
a human intercellular adhesion molecule (ICAM)-i-transfected murine fibroblast 
line that exclusively supports p2-integrin-dependent adhesion of human NK cells 

^ 

Fig.2a-f. Selected carbohydrates inhibit human natural killer (NK) cell adhesion to xenogeneic 
endothelial cells. Inhibition of NK cell (squares) or T cell (circles) adhesion to pig (black symbols) 
or human (white symbols) endothelial cells (EC) by the indicated carbohydrates in solution, as a 
function of sugar concentration, a D-glucose. b Melibiose. c D-mannose. d o-mannose-6R e 
NANA, f p-L-fucose-iP. Average adhesion values were 48% ±11% for NK vs. pig EC, 36%±8% 
for NK vs. human EC, i4%±4% for T cell vs. pig EC, and 18 ±2 for T cell vs. human EC. 
Data are representative of eight separate experiments 
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Table 2. Inhibition of natural killer (NK) lymphocyte adhesion to pig endothelial cells (EC) or 
human umbilical vein EC (HUVEC) by carbohydrates in solution 


Sugar 


Features 


IC50 (mM) 
Pig EC 


HUVEC 


D-Glucose 


Hexose, aldose 


>100 


>100 


D-Arabinose 


Pentose, ketose 


>100 


>100 


a-D-Mannose 


d-G1c epimer at C2 


22.7 


>100 


a-D-Galactose 


d-G1c epimer at C4 


>100 


>100 


D-Mannose-6P 


Hexose monophosphate 


18.3 


29.4 


D-Fructose-lP 


Hexose monophosphate 


12.5 


8.7 


p-L-Fucose-6P 


Methyl-hexose monophosphate 


18.6 


11.4 


N-Methyl-D-Galactose 


Methyl-hexose 


>100 


>100 


Methyl-a-D-Galp 


Cyclic methyl-hexose 


31.1 


>100 


Methyl- p-D-Galp 


Cyclic methyl-hexose 


>100 


>100 


D-N-Acetylglucosamine 


; N-Acetyl-hexose 


>100 


>100 


N-Acetylneuraminate 


Carboxyl-hexose 


10.2 


10.6 


Melibiose 


6-a-D-Galp-D-Glc 


23.8 


>100 


Sucrose 


P-D-Fru/-a-D-Glcp 


>100 


>100 


Arabino-galactan 


Linear polysaccharide 


>100 


>100 


Mannan 


Linear polysaccharide 


6.1 


8.4 



Glc, glucose; Gal, galactose; Fru, fructose; p, pyranoside; /, furanoside; P, phosphate. 



(R. Pardi et al., unpublished). Figure 3 shows that FCab’)^ fragments efficiently 
inhibited NK adhesion to xenogeneic EC, both in the presence and in the absence 
of intact xenoreactive IgG, suggesting that the hypothesized overlap of epitopes 
recognized by human XNA and directly by NK cells (in an antibody-independent 
fashion) indeed exists. NK cell adhesion to allogeneic EC or human ICAM-i^ 
transfectants was unaffected by IgG F(ab’)2 fragments, further strengthening the 
hypothesis of a xenogeneic-specific mechanism of recognition. 

A relevant finding in this work is the demonstration that oligosaccharide 
ligands appear to play a role in the antibody-independent adhesion to and 
destruction of xenogeneic EC by unstimulated human NK lymphocytes. Further- 
more, two lines of evidence suggest that similar glycosylation patterns could be 
recognized by XNA and NK cells on pig vascular cells: first, the only carbohy- 
drates displaying selective inhibition of NK cell adhesion to xenogeneic EC are 
D-mannose, melibiose and methyl-a-o-Gal-p, which also appear to be the most 
efficient competitors of XNA binding and, in the case of the two latter structures, 
have previously been shown to interfere with the recognition of the major 
Gala(i,3)Gal epitope by XNA on several xenogeneic tissues; second and perhaps 
more relevant, F(ab’)2 fragments of XNA effectively and selectively inhibit both 
adhesion to and lysis of pig EC by NK cells. These results cannot be simply 
explained by the persistence of FcyR-bound IgG, carried over from plasma dur- 
ing the NK cell purification procedure and affecting the recognition of xeno- 
geneic cells. In fact, we were able to show that unstimulated, purified NK lym- 
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Fig. 3. XNA F(ab’)^- 
mediated inhibition of 
natural killer (NK) 
cell adhesion to var- 
ious cell targets. Inhi- 
bition of NK cell 
adhesion to a pig 
endothelial cell (EC), 
b human EC, or c 
human intercellular 
adhesion molecule 
(ICAM)-i'^ murine 
NIH 3T3 transfectants 
by F(ab’)2 fragments 
from pooled human 
IgG at the indicated 
concentration. The 
assay was performed 
in the presence (white 
symbols) or absence 
(black symbols) of 
1 ]xM whole human 
IgG. Average percent 
adhesion values as 
indicated in the 
legend to Fig. 2 for 
NK vs. pig EC and NK 
vs. human EC, and 
44% ±6% for NK vs. 
ICAM-1+ NIH 3T3 
cells. Mean ± SD 
of three separate 
experiments 
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phocytes, although capable of binding monomeric or aggregated IgGs in solu- 
tion, are completely devoid of preexisting, surface-bound immunoglobulins 
when freshly isolated and utilized in adhesion or cytotoxicity assays, as judged 
by indirect immunofluorescence or immunoblotting analysis [59]. We could 
therefore conclude that at least partial overlap exists between the target struc- 
tures recognized by human XNA of G class and those recognized directly by 
NK cells on xenogeneic EC, based on the capability of selected soluble carbohy- 
drates and F(ab’)2 fragments of human IgG XNA to inhibit NK cell-mediated 
direct recognition of xenogeneic EC. 

The relevant contribution of lectin-carbohydrate interactions in NK/EC con- 
tact-dependent events is further stressed by the fact that several other carbohy- 
drates, including NANA and (3-L-fucose-6P, display effective inhibition of such 
interactions, albeit in a non-species-specific fashion. Although we cannot rule 
out the possibility that the observed inhibition patterns are due to xenogeneic 
EC membrane lectins engaging oligosaccharide ligands on NK cells, the highly 
selective inhibition displayed by several carbohydrates and by FCab')^ fragments 
suggest that the lectins involved are preferentially expressed by NK lymphocytes 
and recognize ligand-expressing target cells [60]. This interpretation is supported 
by the accumulating evidence that NK cell-specific C-type lectins are involved in 
essential biological functions of this lymphocyte subset, including cell activation 
and target cell recognition. A possible explanation of the aforementioned find- 
ings is that receptors of the selectin or NKRP-i families, broadly expressed by 
NK lymphocytes, recognize highly charged, sialylated or fucosylated ligands 
expressed in a non species-specific fashion by vascular and non-vascular cells 
such as K562, whereas less characterized lectins, possibly expressed by subsets 
of circulating NK cells, are involved in the recognition of xenogeneic-specific oli- 
gosaccharide ligands devoid of terminal fucosylated or sialylated residues. 

Several candidate receptors, whose functional significance is as yet poorly 
defined are indeed expressed by NK cells and could account for xenogeneic oli- 
gosaccharide ligand recognition. These include the well-known asialoglycopro- 
tein receptor (asialoGM-i), which is specific for terminal galactose and N-acetyl- 
galactosamine residues, but also homologues of the macrophage mannose 
receptor, whose expression on NK cells has been functionally demonstrated, 
and the NKRP-i receptor itself, that has been shown to bind with low affinity 
ligands containing mannose or galactose residues. Finally, as yet uncharacterized 
lectin receptors, or products of the NKG-2 gene family could be involved in such 
a process. Parallel structural analysis of complementarity determining regions 
(CDR) and carbohydrate recognition domains (CRD) of xenoreactive antibodies 
and lectins will help clarify the structural basis of the observed common recog- 
nition patterns. Interestingly, both molecules have been reported to utilize multi- 
valent recognition and ligand-induced clustering as means to increase the affinity 
and/or persistence of ligand binding. 

Mammalian C-type lectins have been shown to participate in cell-cell adhesion 
and cellular activation processes that imply transmembrane signaling properties. 
Recent reports suggest that NK-specific lectins, such as the murine Ly-49 recep- 
tor, could deliver target MHC class I-dependent inhibitory signals to NK lympho- 
cytes that would prevent them from destroying autologous tissues and would 
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account for the acquisition of a still poorly characterized NK cell receptor reper- 
toire during ontogeny. Our previous work indicated that integrins are the domi- 
nant adhesion receptors involved in human NK lymphocyte/xenogeneic EC cell- 
cell contacts. 

As leukocyte integrins are normally inactive and require activation signals to 
be converted to a high avidity state for their ligands, we propose that lectin- 
mediated recognition processes could provide such activation, leading to firm 
adhesion of NK lymphocytes to the xenogeneic tissue and subsequent triggering 
of the effector celFs lytic machinery. Based on the above considerations, a com- 
prehensive model of NK cell-dependent xenogeneic tissue destruction can be 
proposed: oligosaccharide ligands, displaying species-, tissue-, or differentiation 
stage-specific expression would be required to confer sensitivity to recognition 
and lysis by NK cells. The absence of relevant oligosaccharide ligands and/or 
the recognition of defined MHC allele products could prevent the adhesion/acti- 
vation process from taking place, so that a cell displaying such a phenotype 
would be ignored by NK effector lymphocytes. In this context, degenerate 
MHC I molecules expressed by xenogeneic tissues and not recognized by their 
cognate receptors across species barriers would be ineffective as negative regula- 
tors of NK activation, thus rendering xenogeneic cells highly sensitive targets for 
human NK cell-mediated effector processes. 



Natural Killer Cell Receptors: An Overview 

The biological role of NK lymphocytes, which constitute a major subpopulation 
of lymphocytes, distinguishable from other lymphocytes by the absence of anti- 
gen receptors found on T and B cells, has remained elusive for many years and 
still appears somewhat controversial. The controversy stems from the very origin 
of the operational definition of NK cells, which was based on their ability to kill 
certain tumor cell lines in vitro, in the absence of prior sensitization, and by the 
still incomplete characterization of the existing in vivo models of deficient NK 
cell function [6i]. At present, circumstantial evidence indicates that NK cells 
are closely related, functionally and ontogenetically, to cytolytic T lymphocytes 
(CTL), based on morphology, surface phenotype and lytic mechanisms. Several 
studies demonstrated an important contribution of this cell subset in the clear- 
ance of tissues which are foreign, infected by viruses or by certain protozoa, 
or compromised in other ways [62]. 

A major step forward in the understanding of the molecular mechanisms 
underlying target recognition by NK cells came from the observation of an 
inverse correlation between surface MHC class I expression by target cells and 
their sensitivity to lysis by NK lymphocytes. This observation led Karre et al. 
to propose the “missing self” hypothesis, that postulates that NK cells survey tis- 
sues for normal expression of MHC class I molecules and lyse targets when MHC 
class I expression is aberrant or absent, thus displaying opposing requirements 
compared to CTLs [63]. This hypothesis has been supported by several indepen- 
dent findings demonstrating that allotypic MHC class I products actually protect 
cells from lysis by NK cells, apparently by delivering negative regulatory signals 
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that inhibit NK cell lytic function [64]. Further evidence in favor of the “missing 
self” hypothesis originated from the observation that cells from mice lacking 
MHC class I expression owing to disruption of the p^-microglobulin gene, for 
example, are more susceptible to NK cell lysis than cells from normal mice, 
and the defect can be reversed by transfection with MHC class 1 [65, 66]. 

Human NK cell receptors for MHC class I have recently been cloned and 
found to represent a previously unknown family of type I transmembrane glyco- 
proteins belonging to the Ig superfamily [67]. The encoded proteins (commonly 
known as p58 molecules) have molecular weights ranging between 58 and 70 kDa, 
with an extracellular portion composed of two to three Ig constant-like domains, 
a transmembrane region and a cytoplasmic domain of various length. The p58 
family of NK cell receptors shows allelic polymorphism and mono- or oligoclonal 
distribution in peripheral blood NK cells. Functionally, these receptors appear for 
the most part to deliver an ill-defined negative signal to the expressing NK lym- 
phocyte upon contacting the relevant MHC-peptide allotypic combination, which 
temporarily switches off their lytic potential. 

Several alternative candidate receptors, whose functional significance is as yet 
poorly defined, are indeed expressed by NK cells. Interestingly, most of these 
receptors appear to be capable of recognizing complex carbohydrate structures 
on the surface of sensitive targets, and are thus functionally and/or structurally 
related to the C-type lectin family of receptors [68]. They include the well-known 
asialoglycoprotein receptor (asialoGM-i), which is specific for terminal galactose 
and N-acetylgalactosamine residues, but also homologues of the macrophage 
mannose receptor, whose expression on NK cells has been functionally demon- 
strated, and the NKRP-i receptor itself, that has been shown to bind with low 
affinity ligands containing mannose or galactose residues [69]. NKRP-i is 
expressed by all NK cells as a disulfide-linked homodimer. The polypeptide is 
a type II integral membrane protein with a deduced extracellular domain homo- 
logous to the Ca^“^-dependent lectin superfamily, which also include the pre- 
viously cloned Ly-49 mouse receptor. The NKRP-i receptor and related molecules 
appear to act as positive regulators of NK cell lytic function, unlike the typical 
MHC class I receptor. The only exception is represented by the Ly-49 molecule, 
whose function and ligand specificity appear to be similar to the ps8 family of 
receptors, despite the fact that Ly-49 is structurally related to the C-type lectin 
receptor family [70]. The divergence between human and mouse NK cell recep- 
tors for MHC class I challenges the paradigm that NK cells are innate and pri- 
mitive components of the vertebrate immune system [71]. Alternatively, and 
more likely, this apparent paradox depends on our incomplete knowledge of 
the mouse equivalent of the ps8 family of receptors, and of the human equivalent 
of the Ly-49 molecules. Attractive candidates in this respect are represented by 
the products of the human NKC-2 gene family, which is predicted to encode 
for lectin-like type II membrane glycoproteins displaying limited polymorphism 
[72]. 
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Natural Killer Cell Receptors for Xenogeneic Determinants? 

A possible comprehensive explanation of our findings, which takes into account 
the existing knowledge on NK cell specific receptor molecules, is that receptors 
of the selectin or NKRP-i families, broadly expressed by NK lymphocytes, recog- 
nize sialylated or fucosylated ligands expressed in a non-species-specific fashion 
by vascular and nonvascular cells such as K562, whereas less characterized lec- 
tins, possibly expressed by subsets of circulating NK cells, are involved in the 
recognition of xenogeneic-specific oligosaccharide ligands. Parallel structural 
analysis of CDR and CRD of xenoreactive antibodies and lectins will help clarify 
the structural basis of the observed common recognition patterns. Interestingly, 
both molecules have been reported to utilize multivalent recognition and ligand- 
induced clustering as a means to increase the affinity and/or persistence of 
ligand binding. Mammalian C-type lectins have been shown to participate in 
cell-cell adhesion and cellular activation processes that imply transmembrane 
signaling properties. The previously mentioned data suggest that NK-specific lec- 
tins, such as the murine Ly-49 receptor, could deliver inhibitory signals to NK 
lymphocytes that would prevent them from destroying autologous tissues expres- 
sing Class I MHC antigens and would account for the acquisition of a still poorly 
characterized NK cell receptor repertoire during ontogeny. Our previous work 
indicated that integrins are the dominant adhesion receptors involved in 
human NK lymphocyte/xenogeneic EC cell-cell contacts [17, 19]. As leukocyte 
integrins are normally inactive and require activation signals to be converted 
to a high avidity state for their ligands, we propose that lectin-mediated recogni- 
tion processes could provide such activation, leading to firm NK lymphocyte 
adhesion to the xenogeneic tissue and subsequent triggering of the effector cell’s 
lytic machinery. Based on the above considerations, a comprehensive model of 
NK cell-dependent xenogeneic tissue destruction can be proposed: oligosacchar- 
ide ligands, displaying species-, tissue-, or differentiation stage-specific expres- 
sion would be required to confer sensitivity to recognition and lysis by NK 
cells. The absence of relevant oligosaccharide ligands and/or the recognition of 
defined MHC allele products could prevent the adhesion/activation process 
from talking place, so that a cell displaying such a phenotype would be ignored 
by NK effector lymphocytes. In this context, degenerate MHC I molecules 
expressed by xenogeneic tissues and not recognized by their cognate receptors 
across species barriers would be ineffective as negative regulators of NK activa- 
tion, thus rendering xenogeneic cells highly sensitive targets for human NK cell- 
mediated effector processes. 




122 



L. Inverardi and R. Pardi 



References 

1. Rosengard A.M., Cary N.R., Langford G.A., et al. 1995. Tissue expression of human 
complement inhibitor, decay accelerating factor, in transgenic pigs. A potential 
approach for preventing xenograft rejection. Transplantation. 59:1325 

2. McCurry K.R., Kooyman D.L., Alvarado C.G., et al. 1995. Human complement regula- 
tory proteins protect swine-to-primate cardiac xenografts from humoral injury. Nature 
Med. 1:423 

3. White D.J, Bradley P., Dunning J., et al. 1995. Hearts from pigs transgenic for human 
DAF are not hyperacutely rejected when xenografted to primates. Third International 
Congress for Xenotransplantation. Boston, 1995 

4. Platt J.L., Vercellotti G.M., Dalmasso A.P., et al. 1990. Transplantation of discordant 
xenografts: a review of progress. Immunol. Today. 11:450 

5. Auchincloss H. Jr. 1988. Xenogeneic transplantation: a review. Transplantation. 46:1 

6. Kaufman C.L., Gaines B.A., Ildstad. S.T. 1995. Xenotransplantation. Annu. Rev. Immu- 
nol. 13:339 

7. Good A.H., Cooper D.K.C., Malcolm A.J., et al. 1992. Identification of carbohydrate 
structures that bind human antiporcine antibodies: implications for discordant xeno- 
grafting in humans. Transplant. Proc. 24:559 

8. Oriol R., Ye Y., Koren E., Cooper D.K.C. 1993. Carbohydrate antigens of pig tissues 
reacting with human natural antibodies as potential targets for vascular hyperacute 
rejection in pig-to-man organ transplantation. Transplantation 56:1433 

9. Sandrin M.S., Vaughan H.A., Dabkowski P.L., McKenzie I.F.C. 1993. Anti-pig IgM anti- 
bodies in human serum react predominantly with Gala(i-3)Gal epitopes. Proc. Natl. 
Acad. Sci. USA. 90:11391 

10. Galili, U. 1993. Interaction of the natural anti-Gal antibody with a-galactosyl epitopes: 
a major obstacle for xenotransplantation in humans. Immunol. Today. 14:480 

11. Henion T.R., Macher B.A., Anaraki F., Galili U. 1994. Defining the minimal size of cat- 
alitically active primate ai,3 galactosyltransferase: structure-function studies on the 
recombinant truncated enzyme. Glycobiology. 4:193 

12. Sandrin M.S., Fodor W.L., Mouhtouris E., et al. 1995. Enzymatic remodeling of the car- 
bohydrate surface of a xenogeneic cell substantially reduces human antibody binding 
and complement-mediated cytolysis. Nature Med. 1:1261 

13. Auchincloss H. Jr. 1990. Xenografting: a review. Transplant. Rev. 4:14 

14. Platt J.L., Fischel R.J., Matas A.J., et al. 1991. Immunopathology of hyperacute xeno- 
graft rejection in a swine to primate model. Transplantation. 52:214 

15. Thomas F.T., Marchman W., Carobbi A., et al. 1991. Immunobiology of the xenograft 
response: xenograft rejection in the immunodeficient rodents. Transplant. Proc. 23:208 

16. Arakawa K., Akami T, Okamoto M., et al. 1994. Prolongation of heart xenograft sur- 
vival in the NK-deficient rat. Transplant. Proc. 26:1266 

17. Inverardi L., Samaja M., Motterlini R., et al. 1992. Early recognition of a discordant 
xenogeneic organ by human circulating lymphocytes. J. Immunol. 149:1416 

18. Inverardi L., Samaja M., Marelli R, Bender J. R., Pardi R. 1992. Cellular early immune 
recognition of xenogeneic vascular endothelium. Transplant. Proc. 24:459 

19. Inverardi L., Pardi R. 1994. Early events in cell-mediated recognition of vascularized 
xenografts: cooperative interactions between selected lymphocyte subsets and natural 
antibodies. Immunol. Reviews. 141:71 




Human Natural Killer Cells and Natural Antibodies Recognize Overlapping Molecular Structures 



123 



20. Blakely M.L., Van Der Werf W.J., Berndt M.C., et al. 1994- Activation of intragraft 
endothelial and mononuclear cells during discordant xenograft rejection. Transplanta- 
tion. 58:1059 

21. Candinas D., Lesnikoski B.A., Grey S.T., et al. Delayed xenograft rejection (DXR) in 
complement (c) -depleted T cell-deficient (nude) rat recipients of guinea pig cardiac 
grafts. Third International Congress for Xenotransplantation. Boston, 1995 

22. Alter B.J., Bach F.H. 1990. Cellular basis of the proliferative response of human T cells 
to mouse xenoantigens. J. Exp. Med. 171:333 

23. Moses R.D., Pierson R.N. Ill, Winn H.J., Auchincloss H. Jr. 1990* Xenogeneic prolifera- 
tion and lymphokine production are dependent on CD4+ helper T cells and self anti- 
gen presenting cells in the mouse. J. Exp. Med. 172:567 

24. Dorling A., Binns R., Techier R.I. 1995. Examination of the direct human T cell xenor- 
esponse against porcine dendritic cells and identification of inefficient SLA DR recog- 
nition. Third International Congress for Xenotransplantation. Boston, 1995 

25. Satake M., Korsgren O., Ridderstad A., et al. 1994. Immunological characteristics of 
islet cell xenotransplantation in humans and rodents. Immunol. Reviews. 141:191 

26. Hamelmann W., Gray D.W.R., Cairns T.D.J., et al. 1994. Immediate destruction of xeno- 
geneic islets in a primate model. Transplantation. 58: 1109 

27. Schachner R.D., Ricordi C., Inverardi L. 1995. Xenogeneic discordant islet transplanta- 
tion: natural antibodies and complement in a human- to-rat model. Transplant. Proc. 
27:3318 

28. Inverardi L., Ricordi C. 1996. Transplantation of pancreas and islets of Langerhans: a 
review of progress. Immunol. Today. 17:7 

29. Murray A.G., Khodadoust M.M., Pober J.S., Bothwell A.L.M. 1994. Porcine aortic 
endothelial cells activate human T cells: direct presentation of MHC antigens and cost- 
imulation by ligands for human CD2 and CD28. Immunity. 1:57 

30. Rosenberg A.S., Singer A. 1992. Cellular basis of skin allograft rejection. An in vivo 
model of immune-mediated tissue destruction. Annu. Rev. Immunol. 10:333 

31. Wanders A., Akyurek M.L., Waltenberger J., et al. 1995. Ischemia-induced transplant 
atherosclerosis in the rat. Art. Thromb. Vase. Biol. 15:145 

32. Wanders A., Akyurek M.L., Waltenberger J., et al. 1993. Impact of ischemia time on 
chronic vascular rejection in the rat: effects of angiopeptin. Transplant. Proc. 25:2098 

33. Springer T.A. 1994. Traffic signals for lymphocyte recirculation and leukocyte emigra- 
tion: the multistep paradigm. Cell. 76: 301 

34. Pardi R., Inverardi L., Bender J.R. 1992. Regulatory mechanisms in leukocyte adhesion: 
flexible receptors for sophisticated travelers. Immunol. Today. 13:224 

35. De Lisser H.M., Newman P.J., Albelda S.M. 1994. Molecular and functional aspects of 
PECAM-1/CD31. Immunol. Today. 15:490 

36. Dustin L.M., Springer T.A. 1989. T cell receptor cross-linking transiently stimulates 
adhesiveness through LFA-i. Nature. 341:619 

37. Downey G.P., Chan C.K., Lea P., Takai A., Grinstein S. 1992. Phorbol ester-induced 
actin assembly in neutrophils: role of protein kinase C. J. Cell Biol. 116:695 

38. Hibbs M.L., Jakes S., Stacker S.A., Wallace R.W., Springer T.A. 1991. The cytoplasmic 
domain of the integrin lymphocyte function-associated antigen 1 p subunit: sites 
required for binding to intercellular adhesion molecule 1 and the phorbol ester-stimu- 
lated phosphorylation site. J. Exp. Med. 174:1227 




124 



L. Inverardi and R. Pardi 



39. Pardi R., Inverardi L., Rugarli C., Bender J.R. 1992. Antigen-Receptor complex stimu- 
lation triggers protein kinase C-dependent CDiia/CDi8-cytoskeleton association in T 
lymphocytes. J. Cell Biol. 116:1211 

40. Valmu L., Autero M., Siljander P., Patarroyo M., Gahmberg C.G. 1991. Phosphorylation 
of the p-subunit of CD11/CD18 integrins by protein kinase C correlates with leukocyte 
adhesion. Eur. J. Immunol. 21:2857 

41. Diamond M.S., Springer T.A. 1993. A subpopulation of Mac-i (CDiib/CDi8) molecules 
mediates neutrophil adhesion to ICAM-i and fibrinogen. J. Cell Biol. 120:545 

42. Dransfield I., Cabanas C., Craig A., Hogg N. 1992. Divalent cation regulation of the 
function of the leukocyte integrin LFA-i. J. Cell Biol. 116:219 

43. Altieri D.C. 1991. Occupancy of CDiib/CDi8 (Mac-i) divalent ion binding site(s) 
induces leukocyte adhesion. J. Immunol. 147:1891 

44. Landis R.C., Bennett R.I., Hogg N. 1993. A novel LFA-i activation epitope maps to the I 
domain. J. Cell Biol. 120:1519 

45. Van Kooyk Y., Weder P., Hogervorst F., et al. 1991. Activation of LFA-i through Ca^'*'- 
dependent epitope stimulates lymphocyte adhesion. J. Cell. Biol. 112:345 

46. Gailit J., Ruoslathi E. 1988. Regulation of the fibronectin receptor affinity by divalent 
cations. J. Biol. Chem. 263:12927 

47. Hermanowski-Vostaka A., van Strijp J.A.G., Swiggard W.J., Wright S.D. 1992. Integrin 
modulating factor-i: a lipid that alters the function of leukocyte integrins. Cell. 68:341 

48. Chan B.M.C., Hemler M.E. 1993. Multiple functional forms of integrin VLA-2 can be 
derived from a single 02 cDNA clone: interconversion of forms induced by anti- pi 
antibody. J. Cell. Biol. 120:537 

49. O’Toole E.T., Katagiri Y., Faull R.J., et al. 1994. Integrin cytoplasmic domains mediate 
inside-out signal transduction. J. Cell. Biol. 124:1047 

50. Bertagnolli M.E., Bekerle M.C. 1993. Evidence for the selective association of a subpo- 
pulation of GPIIb-IIIa with the actin cytoskeletons of thrombin-activated platelets. J. 
Cell Biol. 121:1329 

51. Larson R.S., Hibbs M.L., Springer T.A. 1990. The leukocyte integrin LFA-i reconsti- 
tuted by cDNA transfection in a nonhematopoietic cell line is functionally active 
and not transiently regulated. Cell Regulation. 1:359 

52. Zweier J.L., Kuppusamy P., Lutty G.A. 1988. Measurement of endothelial cell free radi- 
cal generation: evidence for a central mechanism of free radical injury in postischemic 
tissue. Proc. Natl. Acad. Sci. USA. 85:4046 

53. Seccombe J.R, Schaff H.V. 1994. Vasoactive factors produced by the endothelium: phy- 
siology and surgical implications. R.G. Landes Company, Austin TX 

54. Lee W.P., Gribling R, De Guzman L., Ehsani N., Watson S.R. 1995. A P-selectin-immu- 
noglobulin G chimera is protective in a rabbit ear model of ischemia-reperfusion. Sur- 
gery. 117:458 

55. Davenpeck K.L., Gauthier T.W., Albertine K.H., Lefer A.M. 1994. Role of P-selectin in 
microvascular leukocyte-endothelial interaction in splanchnic ischemia-reperfusion. 
Am. J. Physiol. 267:622 

56. Carden D.L., Young J.A., Granger D.N. 1993. Pulmonary microvascular injury after 
intestinal ischemia-reperfusion: role of P-selectin. J. Appl. Physiol. 75:2529 

57. Kubes R, Jutila M., Payne D. 1995. Therapeutic potential of inhibiting leukocyte rolling 
in ischemia/reperfusion. J. Clin. Invest. 95:2510 




Human Natural Killer Cells and Natural Antibodies Recognize Overlapping Molecular Structures 



125 



58. Sylvestre D.L., Ravetch J.V. 1994. Fc receptors initiate the Arthus reaction: redefining 
the inflammatory cascade. Science. 265:1095 

59. Inverardi L., Clissi B., Stolzer A., Bender J.R., Pardi R. Overlapping recognition of 
xenogeneic carbohydrate epitopes by human natural killer cells and preformed natural 
antibodies, (submitted) 

60. Yokoyama W.M. 1993. Recognition structures on natural killer cells. Curr. Op. Immu- 
nol. 5:67 

61. Trinchieri G. 1989. Biology of natural killer cells. Adv. Immunol. 47:187 

62. Kagi D., Ledermann B., Burki K., et al. 1994. Cytotoxicity mediated by T cells and NK 
cells is greatly impaired in perforin-deficient mice. Nature. 369:31 

63. Karre K. 1985. Role of target histocompatibility antigens in regulation of NK activity: a 
reevaluation and a hypothesis. In: Mechanism of Cytotoxicity by NK Cells. Herberman 
R.B. and Callewaert D.M. (eds), Academic Press; p. 81 

64. Kaufman D.S., Schoon R.A., Leibson P.J. 1993. MHC class I expression on tumor targets 
inhibits NK cell-mediated cytotoxicity without interfering with target recognition. J. 
Immunol. 150:1429 

65. Sanchez M.J., Spits H., Lanier L.L., Phillips J.H. 1993. Human natural killer thymocytes 
and their relation to the T-cell lineage. J. Exp. Med. 178:1857 

66. Sanchez M.J., Muench M.O., Roncarolo M.G. Lanier L.L., Phillips J.H. 1994. Identifica- 
tion of a common T/natural killer cell progenitor in human fetal thymus. J. Exp. Med. 
180:569 

67. Wagtmann N., Biassoni R,. Cantoni C., et al. 1995. Molecular clones of the p58 NK cell 
receptor reveal immunoglobulin-related molecules with diversity in both the extra- 
and intracellular domains. Immunity. 2:439 

68. Drickamer K. 1993. Calcium-dependent carbohydrate recognition domains in animal 
proteins. Curr. Op. Struct. Biol. 3:393 

69. Bezouska K., Yuen C.T., O’Brien J., et al. 1994. Oligosaccharide ligands for NKR-Pi 
protein activate NK cells and cytotoxicity. Nature. 372:150 

70. Karlhofer F.M., Ribaudo R.K., Yokoyama W.M. 1992. MHC class I alloantigen specifi- 
city of Ly 49+ IL2-activated NK cells. Nature. 358:66 

71. Gumperz J.E., Parham P. 1995. The enigma of NK cells. Nature. 378:245 

72. Houchins J.P., Yabe T., McSherry C., Bach F.H. 1994. DNA sequence analysis of NK-G2, 
a family of related cDNA clones encoding type II integral membrane proteins on 
human NK cells. J. Exp. Med. 173:1017 




1 1 Hemostasis in Xenotransplantation 

BJ. Hunt and K.M. Jurd 



Introduction 

The recent revival of interest in xenotransplantation across discordant species 
focused initially on immunological aspects of hyperacute rejection. More latterly, 
research has explored the effects of antibody and complement binding to the 
endothelial cell. However the ultimate end-point of hyperacute rejection (the 
xenograft reaction) can be considered to be microvascular thrombosis. Thus 
hemostasis, the complex system which maintains the fluidity of blood within a 
vessel, but forms a clot once the vessel wall is breached, is an obligatory compo- 
nent of the xenograft reaction. This chapter will cover a basic understanding of 
hemostasis and then discuss the relative importance of hemostatic activation in 
the pig-to-human xenograft reaction. 



Hemostatic System 

Hemostasis can be regarded as a system designed to maintain blood fluidity and 
vascular integrity, but also as one of the body’s primary defense mechanisms 
along with the immune and complement systems. Its role in this context is sim- 
ple. If one considers invasion by a bacterium, then the function of the hemostatic 
system is to immobilise it by laying down fibrin, thus allowing leukocytes and 
complement to act and kill the invader. Hemostasis, like the immune and com- 
plement systems, is highly complex with each hemostatic factor having multiple 
effects. The following account, however, has been greatly simplified. 

Under physiological conditions, hemostasis is initiated by damage to the ves- 
sel wall. When a vessel is cut the release of vasoactive substances leads to vaso- 
constriction, thus limiting blood loss. Platelets adhere to exposed subendothelial 
matrix components, von Willebrand factor (vWF) is the platelet adhesion ligand 
[i]; it binds to subendothelial components and to specific receptors (glycoprotein 
Ib and Ilb/IIIa) on the surface of platelets [2]. This results in platelet activation. 
On activation, platelets undergo a shape change, from smooth convex disc to a 
spiny sphere, and release the contents of dense granules rich in prothrombotic 
substances [3], which activate other platelets. These aggregate together by bind- 
ing fibrinogen between platelet surface receptor glycoprotein Ilb/IIIa, and so a 
platelet plug is formed [4]. Simultaneously coagulation is activated on the surface 
of platelets leading to the generation of thrombin and the formation of a fibrin 
clot which strengthens the platelet plug. Platelet activation and thrombin genera- 
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tion are interdependent processes. Thrombin is a potent platelet activator [5] and 
activated platelets accelerate thrombin generation. 

The coagulation cascade is the descriptive term used to describe fibrin forma- 
tion from a series of stepwise reactions involving a number of circulating blood 
proteins in an inactive precursor form. This complex system involves a number 
of zymogens: factors XII, XI, X, IX, VII and prothrombin and the pre-cofactors 
factors VIII and V. These are converted to the appropriate enzymes and cofactors 
before interacting to ultimately form fibrin. A small initiating stimulus is ampli- 
fied to produce high levels of insoluble fibrin. The traditional separation of the 
coagulation cascade [6, 7] into the intrinsic (contact) and extrinsic (tissue factor) 
pathways is now outdated, since there are many interactions between the compo- 
nents of each pathway, such as the activation of factor IX by the tissue factor/ 
Vila complex [8]. 

Initiation of coagulation results from activation of factor VII through exposure 
to tissue factor [9] on the subendothelium. Tissue factor is a membrane glyco- 
protein present in the extravascular tissues so that when the endothelium is brea- 
ched coagulation is activated. It can also be induced, by certain cytokines and 
thrombin, on endothelium and monocytes. The intrinsic pathway is activated 
by negatively charged components on the subendothelium, but is now considered 
to be an amplification loop of the common pathway [10], for thrombin activates 
factor XI [11]. Certainly patients with factor XII deficiency do not bleed exces- 
sively. A simplified interpretation of the current understanding of the coagulation 
mechanism is shown in Fig. 1. Many of the reactions in blood coagulation are 
localised to damaged procoagulant surfaces. Assembly of coagulation enzyme 
complexes on these surfaces results in a dramatic enhancement in reaction 
rate and also interferes with regulatory processes of inhibitory anticoagulant sys- 
tems. Two such enzyme complexes are the X-ase and prothrombinase complexes 
requiring membrane-bound cofactors which serve as anchoring sites [12]. 



Physiological Anticoagulant Systems 

In vivo there is a continuous low-grade activation of coagulation, but trace 
amounts of activated coagulation factors are rapidly neutralised by physiological 
anticoagulants, the protein C/thrombomodulin [13] (Fig. 2) and antithrombin III 
(ATIII)/heparan sulphate systems [14], and tissue factor pathway inhibitor (TFPI) 

[15]. 

Protein C is a plasma protein which circulates in its inactive form but, once 
activated, acts together with a cofactor, protein S, to inactivate factors Va [16] 
and Villa [17], thereby limiting further thrombin generation. Thrombomodulin 
is a glycoprotein present on the endothelial cell surface, and thrombin bound 
to thrombomodulin activates protein C [18]. Thus activation of protein C is 
dependent on thrombin and the expression of thrombomodulin. Binding to 
thrombomodulin also inhibits other procoagulant activities of thrombin, such 
as the clotting of fibrinogen, activation of factor V [19] and platelets [20]. 

ATIII is a glycoprotein which circulates in plasma and is the major inhibitor 
not only of thrombin, as its name suggests, but also the majority of activated 
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intrinsic coagulation factors [21]. It is an irreversible inhibitor and its anticoagu- 
lant potential is greatly enhanced, physiologically, by heparan sulphate which 
coats the endothelial cell suface. A small fraction of plasma ATIII is normally 
bound to heparan sulphate and is thus ideally situated for inhibition of activated 
coagulation factors. Heparin, which is used as an anticoagulant, acts by poten- 
tiating the action of ATIII [22]. 

TFPI is produced by endothelial cells and is an inhibitor of the tissue factor- 
factor Vlla/Xa complex [15]. An increase in information regarding TFPI in recent 
years has established its role as an important inhibitor of small amounts of TF. 
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Fig. 3. Components of the fibrinolytic pathway. Plasminogen is converted to plasmin by tissue 
plasminogen activator (t-PA) bound to fibrin. Plasmin then breaks down insoluble fibrin to solu- 
ble fibrin degradation products. Plasminogen activator inhibitor (PAI-i) inhibits t-PA, and a^- 
antiplasmin inhibits plasmin 



Fibrinolysis 

Clot breakdown or fibrinolysis (Fig. 3) is part of the healing process. The central 
protein is plasmin which, like other coagulation proteins, circulates as its inactive 
precursor, plasminogen. It degrades insoluble fibrin into small soluble fibrin 
degradation products. When fibrin is formed, plasminogen and tissue plasmino- 
gen activator (t-PA) are bound to fibrin, and plasminogen is activated by t-PA 
[23]. The fibrinolytic process is regulated by the inhibitors a2-antiplasmin and 
plasminogen activator inhibitor (PAI)-i [24]. PAI-i and t-PA are both produced 
by the endothelium, which controls the amount of free (active) t-PA by altering 
the relative production of both. 



Role of Endothelium 

The endothelium in its quiescent state forms an antithrombotic (both anti-plate- 
let and anticoagulant) surface to the constituents of blood. This is achieved 
through (a) production of prostacyclin [25] and nitric oxide [26], preventing pla- 
telet aggregation, (b) t-PA [27] promoting fibrinolysis and (c) the physiological 
anticoagulants thrombomodulin/protein C, heparan sulphate/ ATIII and TFPi, 
described previously. The endothelium becomes activated under certain condi- 
tions resulting in a change of phenotype from antithrombotic to prothrombotic 
(Table 1). This is brought about through down-regulation of antithrombotic 
mechanisms and upregulation of tissue factor. The endothelium also expresses 
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Tablet. Hemostatic effects of endothelial cell activation 




Procoagulant 


Quiescent endothelium 


Activated endothelium 


von Willebrand factor 


WP bodies 


Released into plasma 


P selectin 


On inner lining of WP bodies 


Expressed on surface 


Tissue factor 


Absent 


Expressed on surface 


Anticoagulant systems 


Thrombomodulin 


Expressed on surface 


Internalized 


Heparan sulfate 


Coats surface 


Lost 


TFPI 


Secreted 


? 


Fibrinolysis 


t-PA and PAI-1 


- 


Upregulated PAI-l->t-PA 


Anti-platelet and vasodilatory 


Nitric oxide 


Released 


- 


Prostacyclin 


Released 


- 


ecto-ADPase 


Released 


Lost 


Platelet-activating factor 


Released 


- 



WP, Weibel-Palade; TPF, tissue factor pathway inhibitor; t-PA, tissue plasminogen activator; 
PAI, plasminogen activator inhibitor. 



binding sites for coagulation factors IX and X [28], and synthesises and expresses 
factor V [29]. Endothelial cell activation and its effects are described elsewhere in 
this volume and are therefore dealt with only briefly here. 



Role of Thrombin 

Thrombin functions at every level of hemostasis - at the vascular level, the cel- 
lular level and the plasma level. Thrombin possesses a central role in hemostasis 
in the conversion of fibrinogen to fibrin, activation of platelets [5] and other coa- 
gulation factors, such as FXI [11] FV [30], FVIII [31] and FXIII [32]. It also initi- 
ates the mechanisms for limiting both clot size and its own generation by acti- 
vating the protein C system, and initiates the destruction of the clot it forms by 
increasing t-PA release. Thrombin also acts like a cytokine by causing both 
endothelial cell and monocyte activation. The effects of thrombin are depicted 
in Fig. 4. 



Role of the Monocyte/Macrophage 

Monocytes/macrophages, when activated, express tissue factor and are thus 
responsible for initiating hemostasis, especially in extravascular tissues. A vari- 
ety of physiological and pathological stimuli, such as interleukin (IL)-i, tumour 
necrosis factor (TNF), lipopolysaccharide, lymphokines, immune complexes, acti- 
vated complement and thrombin induce tissue factor expression on monocytes 
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Fig. 4. Multiple effects of thrombin on hemostasis 



[33]. A leukocyte adhesion molecule, Mac-i, can bind and activate factor X after 
monocyte exposure to ADP [34]. The significance of this activation of coagula- 
tion is uncertain. 



Pathological Activation of Hemostasis 

Pathological activation of hemostasis can occur under a number of circum- 
stances. Certain bacteria can trigger coagulation by producing endotoxins, and 
cancerous tumours can directly activate factor X to Xa by producing a cysteine 
protease known as cancer procoagulant [35]. Factor X can also be directly acti- 
vated by RusselPs viper venom [36] whilst other snake venoms can directly defi- 
brinate blood. Other components of coagulation, such as factor VII [37] and pro- 
tein C [38], can also be directly activated by certain snake venoms. Pathological 
activation of prothrombin occurs by five recognised groups of exogenous pro- 
thrombin activators [39]. Some, such as the venom of Echis carinatus, convert 
prothrombin to an enzymatically active intermediate, meizothrombin, followed 
by autocatalysis to thrombin [40]. Others are Xa-like enzymes, have Xa and 
Va-like subunits or consist of thrombin-like enzymes. Prothrombin activators 
are also produced by certain bacteria. Some cleave peptide bonds in prothrom- 
bin, whilet others, such as staphylocoagulase, form stoichiometric complexes 
with prothrombin accompanied by active site exposure without proteolysis [41]. 



Hemostasis and Xenotransplantation 

Physiological interactions between proteins in an individual may differ if the two 
molecules are from different species due to species differences in those proteins. 
As the pig is currently considered to be the most feasible donor for man [42] and 
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is the most widely investigated, the remaining discussions of this chapter are 
concentrated on this area. 



Complement 

The current hypothesis of organ rejection in the pig-to-human xenograft reaction 
is that anti-pig antibodies bind to xenoantigens on the porcine endothelium, acti- 
vating complement and causing subsequent hemostatic activation and thrombo- 
sis. The normal hemoastatic function of platelets can be affected by various com- 
ponents of the complement system. Thrombin-initiated assembly of C5b-C9 
potentiates thrombin-stimulated platelet aggregation [43], and assembly of Csb- 
C9 on the platelet plasma membrane results in increased prothrombinase activity 
without lysis [44]. Complement-induced endothelial cell vesiculation results in 
release of membrane microparticles expressing binding sites for factor Va and 
increased prothrombinase activity [45]. Furthermore, xenoantibody and comple- 
ment cause rapid cleavage of heparan sulphate proteoglycan from the endothelial 
cell surface, with 5% loss of heparan sulphate within 4 mm and nearly 50% in 
30 min [46]. We have shown that complement depletion with cobra venom factor 
delayed, but did not prevent, hemostatic activation in vitro [47]. Thus comple- 
ment depletion, inhibition by soluble complement receptor 1 (sCRi) or use of 
an organ from a transgenic pig expressing the gene for human-accelerating factor 
(DAF) may prevent the immediate hemostatic activation resulting from the 
effects of complement, but this is only delayed. 



Endothelial Cell Activation 

Endothelial activation plays a role in hemostatic activation as discussed earlier, 
although this is not peculiar to xenotransplantation. The speed of hyperacute rejec- 
tion (within a few minutes) suggests that endothelial cell activation is not respon- 
sible for immediate hemostatic activation as the expression of tissue factor takes 2- 
6 h to occur in vitro, but endothelial cell retraction may expose sub endothelial tis- 
sue factor which would initiate coagulation. Platelet aggregation is modulated by 
adenine nucleotides. Quiescent endothelial cells express an ecto-ADPase that 
degrades ATP and ADP and thus prevents ADP accumulation. Recently, it has 
been found that activated porcine endothelium lost ecto-ADPase activity [48]. 



Interspecies Hemostatic Molecular Incompatibility 

Despite removal of anti-pig antibody and complement from human blood, graft 
failure is only delayed and hemostatic activation still occurs, suggesting that 
hemostatic activation occurs independently of, or in parallel with, immunological 
activation. Moreover, there is the unacknowledged, but well-recognised assump- 
tion that, in situations when porcine organs are perfused with human blood, the 
clotting process needs to be slowed down, or inhibited, to study immunological 
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aspects (15 units heparin/ml are required in the working pig heart and lung 
model; R.N. Pierson, personal communication). Human hemostatic activation 
has been demonstrated on passage of human blood through an ex vivo working 
pig heart circuit despite removal of anti-pig antibodies or complement depletion 
[49]. The ex vivo perfusion of a porcine liver with human blood and a pig-to- 
human liver xenograft have demonstrated prominent fibrin deposition on por- 
cine endothelium associated with only weak binding of human IgM and IgG 
and absence of complement components [50]. Furthermore, when newborn pig 
hearts were transplanted heterotopically into newborn baboons, no IgM or IgG 
xenoantibody or complement components were present on the xenografts, but 
fibrin and platelet deposition were evident [51]. 

There are recognised molecular discordances between components of human 
and porcine hemostasis. Porcine vWF directly aggregates human platelets [52]. 
This was investigated after it was noted that hemophiliacs treated with porcine 
factor VIII suffered thrombocytopenia. It was found that the factor VIII concen- 
trates contained large amounts of porcine vWF which aggregates human platelets 
in vivo [53]. Further studies showed that porcine vWF binds to glycoprotein Ib, 
and the platelet fibrinogen receptor GPIIb/IIIa is activated. Endothelial cells pro- 
duce TFPI; however, activated porcine endothelium produces TFPI which. 



M O 30 60 120 180 




-I 2 3 4 5 6 



Fig.S. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 
human prothrombin activation by porcine aortic endothelial cells (PAEC). Molecular weight mar- 
kers are shown in lane 1, marked M. The molecular weights are given in kilodaltons against the 
appropriate band. The time course of the experiment is shown along the top of the gel in min- 
utes, at time o {lane 2), 30 {lane 3), 60 {lane 4), 120 {lane 5) and 180 min {lane 6 ). PTy 
prothrombin; PTi, prethrombin 1; T, thrombin; Fi^ fragment 1 
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Fig. 6. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 
human prothrombin activation by human umbilical vein endothelial cells (HUVEC). Molecular 
weight markers are shown in lane i, marked M. The molecular weights are given in kilodaltons 
against the appropriate band. The time course of the experiment is given along the top of the gel 
in minutes, at time o {lane 2), 30 {lane 3), 60 {lane 4), 120 {lane 5), 180 {lane 6) and 240 min 
{lane 7). PT, prothrombin 



although able to inhibit the human TF-VIIa complex, does not appear to possess 
anti-human Xa activity [54]. The potency of tissue factor between species is dif- 
ferent, with porcine tissue factor less effective in human than porcine plasma 
[55]. Indeed, the species specificity of tissue factor is already known as mouse 
tissue factor is essentially ineffective in human plasma [56]. 

Work conducted in our own laboratory has focused on the direct activation of 
human hemostasis by porcine endothelium (i.e. in the absence of XNA and com- 
plement). Preliminary in vitro results suggested that as well as physiological acti- 
vation of hemostasis, there may also be “pathological” or non-physiological acti- 
vation of the common pathway of coagulation [57]. We thus investigated the 
direct activation of the common pathway by porcine endothelium by applying 
purified human prothrombin and factor X separately to porcine endothelium. 
Incubation of human prothrombin with confluent monolayers of porcine aortic 
endothelial cell (PAEC) resulted in its activation [58] (Fig. 5)- This did not 
occur in the- non-xenogeneic control (human umbilical vein endothelial cell, 
HUVEC; Fig. 6). Bovine prothrombin was not activated by PAEC and we found 
no evidence of direct factor X activation. In our experiments human prothrombin 
activation by PAEC was inhibited by the thrombin-specific inhibitor, hirudin 
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[59]. Thus a possible mechanism by which human prothrombin is activated by 
PAEC is that there is a conformational change in prothrombin upon binding to 
PAEC, exposing catalytic and possibly macromolecular specificity sites with sub- 
sequent autocatalytic cleavages. These observations have necessarily been made 
in vitro using a purified system in an attempt to dissect out the complex pro- 
cesses occurring in plasma. In vivo, continuous thrombin generation by PAEC 
would overwhelm local anticoagulant mechanisms and local clot formation 
would occur. Moreover, the consumption of prothrombin and subsequent activa- 
tion of platelets by thrombin may lead to a bleeding diathesis; this fulfills the 
criteria for disseminated intravascular coagulation. 



Liver Xenotransplantation 

As most of the hemostatic proteins are synthesised by the liver, if a liver is trans- 
planted across species then the recipient will assume the hemostatic profile of the 
donor. The effect of this on the recipient is uncertain. In the case of the pig-to- 
human combination, it has been shown that the levels of coagulation factors 
between the two species is markedly different, with very high levels of factors 
V, VIII, IX XI and XII and lower levels of prothrombin in the pig [55]. It is inter- 
esting to note that the Galai,3-Gal epitope occurs in the carbohydrate chains of 
porcine coagulation factors. The majority of the sugar chains of porcine factor 
VIII contain the Galai,3-Gal group, which is not present in human factor VIII 
[60]. Human fibrinogen carries four N-linked oligosaccharides with terminal 
NeuAcGal(3i,4GlcNAc residues [61], whereas porcine and bovine fibrinogen con- 
tain terminal Galai,3-Gal(3i,4GlcNAc [62] and is recognised by human xenoreac- 
tive antibodies [63]. The significance of this in xenotransplantation has not been 
studied. 

The pig is currently considered to be the most likely xenotransplant donor for 
man. With the ever-growing information on rejection, there is increasing aware- 
ness of the importance of hemostasis in this process. Our current concern is that 
the molecular discordances in hemostasis between pig and man add a further 
layer of complexity which needs to be investigated before pig-to-human xeno- 
transplantation becomes a clinical reality. 
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Introduction 

while less is known about xenogeneic cell-mediated immune responses in com- 
parison with allogeneic responses, the gap in understanding is becoming smaller. 
Since earlier reviews of this topic just a few years ago [i, 2], many previously 
generated hypotheses have been confirmed and expanded, and new insights 
have come to light. However, recent data have caused us to seriously re-examine 
one important hypothesis, namely that the xenogeneic cellular immune response 
might be weaker and more easily controlled than the allogeneic response [2]. 
This hypothesis was based primarily on the observation from in vitro studies 
that the induction phase of the xenogeneic cellular response was weak in 
unprimed hosts [2]. Furthermore, the induction phase depended on CD4'^ helper 
T cells recognizing xenoantigens indirectly as peptides in association with self 
major histocompatibility complex (MHC) molecules, rather than directly as in 
alloantigen recognition [3]. While these in vitro observations generally still 
hold true, it is now known that these indirectly reactive helper T cells uniformly 
mediate brisk in vivo xenograft rejection, even in murine responders with 
impaired in vitro responses. How such indirectly xenoreactive helper T cells 
can mediate powerful in vivo responses remains a subject of intense speculation 
and study. 

The purpose of the present chapter is to review current understanding of cel- 
lular immunity to xenoantigens. The material is organized as follows: (a) general 
considerations regarding xenogeneic cell-mediated immunity; (b) in vitro studies 
of the cellular, antigenic, and molecular requirements of the xenogeneic cellular 
response, and the question of direct versus associative (indirect) recognition of 
xenoantigens - matters that will be addressed separately for the helper and effec- 
tor phases of the response; (c) observations on nonclassical (non-cytotoxic T 
cell-mediated) effector pathways; (d) in vivo studies of xenogeneic cell-mediated 
immunity; (e) mechanisms and control of cell-mediated xenograft rejection; (f) 
conclusions; and (g) speculation on future directions of inquiry. 



Xenogeneic Celluar Immunity - General Considerations 

Early in vivo studies showed that cell-mediated immunity has a role in xenograft 
as in allograft rejection [4, 5]. In vitro studies established that T cells have a cen- 
tral role in xenogeneic cellular immune responses [6, 7], and adhesion studies 
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revealed that T cell adhesion to target cells showed species specificity [8], a pro- 
cess now known to be mediated by cell surface accessory molecules. These and 
other early observations set the stage for the current rapid proliferation in 
knowledge about xenogeneic cellular responses. Factors contributing to this 
expansion of knowledge include a better understanding of T cell and other mono- 
nuclear cell subsets involved in allogeneic responses, the availability of a wide 
array of monoclonal antibodies, the use of transfection and transgenic techni- 
ques, and the use of exon- shuffling techniques to create hybrid cell surface mole- 
cules. The results of these studies will be reviewed, first for the helper and then 
for the effector phase of the xenogeneic cellular response. Attention will be 
focused on the results of in vitro studies, from which most current knowledge 
of the cellular, antigenic, and molecular requirements of the xenogeneic cellular 
response has been obtained. The extent to which these results can (or cannot) be 
extrapolated to in vivo xenograft rejection will be discussed thereafter. 



In Vitro Xenogeneic Cellular Immunity - Helper Phase 

Strength of the Helper Response 

A general question that arises is the overall strength of the xenogeneic response. 
For the helper phase of the response, studies have examined proliferation and 
interleukin (IL)-2 production in xenogeneic mixed leukocyte reaction (MLR) 
assays and have yielded conflicting results. Several studies found weak or no pri- 
mary xenogeneic MLR for a range of responder species, including the human [9- 
11], sheep [12, 13], goat [12], guinea pig [13, 14], duck [13], goose [13], pigeon [13], 
rat [12, 13, 15-17], and mouse [3, 18, 19]. In contrast, others found the primary 
xenogeneic MLR to be equal in magnitude to [20-44] or even stronger than 
[45, 46] the allogeneic MLR. Many of the reports of intact primary responses 
were recent studies examining the human anti-pig MLR [33-42, 44, 46]. Several 
groups examined xenogeneic IL-2 production, again with conflicting results. 
Some investigators reported intact primary xenogeneic IL-2 production by 
human T cells in response to stimulation by mouse or pig cells [21, 34, 47]. In 
contrast, we found weak or no IL-2 production by naive mouse T cells in 
response to stimulation by monkey, pig, or human stimulator cells [3]. Another 
group reported diminished human anti-pig IL-2 production [48]. A small number 
of recent studies have examined xenogeneic helper responses quantitatively by 
limiting dilution analysis (LDA). Two studies reported responses at allogeneic 
levels, including human anti-pig [46] and human anti-mouse [49] responses. 
In contrast, one study of human anti-pig proliferative responses reported LDA 
precursor frequencies tenfold lower than those seen in allogeneic responses, 
although bulk MLR responses were nearly equivalent [48]. 

The decreased helper xenogeneic responses found in some studies cannot be 
attributed to an inhibitory effect of the xenogeneic cells in culture, since brisk 
secondary in vitro responses have been a uniform finding. How then can the dis- 
crepancy in results be explained? There are three likely (and not mutually exclu- 
sive) explanations. First, several of the reports of intact primary xenogeneic 
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helper responses involved phylogenetically close species combinations, including 
human-chimpanzee [26], sheep-goat [12, 25], duck-chicken [13], and rat-mouse 
[27, 28, 30, 43]. In these cases, the close relationship may make the response more 
like an allogeneic reaction. Second, differences in xenogeneic responsiveness may 
exist among species. Many of the intact primary responses were reported for 
human responders [21, 22, 24-27, 32-42, 44, 46, 49]. Finally, some intact primary 
responses, including human anti-mouse [39, 47], human anti-pig [40], and 
mouse anti-human [20], were found to be dependent on the presence of respon- 
der antigen-presenting cells (APC), suggesting indirect recognition of the 
xenoantigens in association with responder MHC molecules. Why there should 
be a primary response to xenogeneic MHC peptides in association with self 
MHC molecules and one to similarly presented MHC alloantigens [50] but not 
one to processed nominal antigens is not known. One possibility is that the 
intact responses reflect prior sensitization by cross-reactive environmental anti- 
gens [15]. Whichever of these possibilities is most pertinent to a given xeno- 
geneic situation, the bulk of evidence indicates that in vitro helper responses 
to xenoantigens are frequently weaker than responses to alloantigens in 
unprimed hosts. This is particularly true as the phylogenetic disparity between 
responder and stimulator increases. The intact primary human anti-pig helper 
response is an exception of potential clinical significance. Furthermore, in vivo 
studies, irrespective of in vitro results, consistently show brisk helper-mediated 
responses to xenografts (see below). 



Cellular and Antigenic Requirements of the Helper Response 

The induction phase of the xenogeneic cellular response has generally been 
found to be dependent on Lyt-i"^ or CD4‘^ helper T cells [3, 18, 20, 21, 33, 35, 
39, 41, 44, 47, 48, 51]. This has been the case for both human [21, 33, 35, 39, 
41, 44, 47, 48] and mouse [3, 18, 20, 51] responses. This differs from the finding 
that both CD4^ and 008 “^ cells can generate both in vitro [52] and in vivo [53] 
helper responses in MHC-disparate allogeneic combinations. Two recent reports 
of intact 008 “^ T cell proliferation in vitro, both involving human anti-pig 
responses [35, 46], are exceptional cases reminiscent of allogeneic-like responses. 
Unlike allogeneic responses, it would appear that the T^z subset of helper T cells 
is stimulated by xenoantigens preferentially over the Thi subset [54]. It has been 
suggested that this ThZ predominance occurs early in the time course of the 
response [43], offering a possible explanation for the observation that xenogeneic 
proliferative responses generally peak later in vitro than do allogeneic responses. 
As in allogeneic responses, xenogeneic helper T cell responses require stimulation 
by APC [3, 18, 20, 32, 38, 41, 44, 47, 55, 56], a topic that will be discussed further 
in the section on direct versus associative recognition. Several recent reports 
reveal that vascular endothelial cells, serving as APC, can stimulate brisk prolif- 
erative responses of human lymphocytes to pig [33, 35, 40, 42, 46] and mouse 
[39] xenoantigens. 

Xenogeneic class II MHC antigens have been found to be the principal target 
antigens recognized by xeno-specific helper T cells [18, 20, 21, 33, 35, 39, 41, 44, 
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46, 48, 49, 55]. One report [55] also described weak helper T cell responses to 
xenogeneic class I MHC and Mis antigens, and the two recent studies describing 
human 008 “^ responder T cells found the responses to be directed against class I 
xenoantigens based on antibody-blocking experiments [35, 46]. Human and rat 
helper T cell responses to mouse xenoantigens were found to be specific for 
the same polymorphic determinants of the mouse MHC (H-2) as recognized 
by mouse allogeneic helper T cells [9, 21, 30, 32, 55, 56]. Other responses, includ- 
ing mouse anti-monkey [3], mouse anti-human [18, 20], and human anti-dog 
[24], were found to be specific for monomorphic determinants of xenogeneic 
class II MHC molecules. In one study involving human anti-pig helper T cell 
clones, some clones were found to recognize polymorphic pig class II determi- 
nants, while others appeared to recognize monomorphic or possibly non-MHC 
determinants [44]. It is important to note, however, that the dominant role of 
class II MHC molecules as the target antigens of xenoreactive helper T cells 
does not imply direct recognition of those antigens in all cases. In fact, many 
of the responses appear to involve recognition of the MHC antigens after proces- 
sing and presentation in association with self MHC molecules (see below). This 
raises the possibility that processed non-MHC xenoantigens are also recognized 
as target peptides by xenoreactive helper T cells in some cases. 

In summary, the cellular and antigenic requirements of xenogeneic helper 
responses are characterized by a predominant role of CD4'^ helper T cells recog- 
nizing monomorphic or polymorphic determinants of xenogeneic class II MHC 
antigens presented by APC, similar in many respects to the requirements for allo- 
geneic responses. Primary differences from allogeneic responses include the 
minimal role of the CD8'^ helper subset in most xenogeneic combinations, the 
preferential activation of rather than T^i cells early in the time course, 
and the recognition, in some xenogeneic combinations, of monomorphic rather 
than polymorphic determinants of class II MHC molecules and perhaps of pep- 
tides of non-MHC molecules. 



Cell Surface Molecule Requirements of the Helper Response 

Proper T cell function is dependent on the appropriate interaction of several 
types of cell surface molecules present on the responder and target populations 
(see Table 1). Diminished helper T cell xenogeneic responses could then result 
from defective interaction of one or more of these cell surface molecules across 
species differences. 

T Cell Receptor 

One possible explanation for diminished helper T cell xenogeneic responses 
might be a defect in T cell receptor (TCR) recognition of xenoantigen. This 
could arise either through a genetic deficiency in the TCR repertoire for xeno- 
geneic MHC molecules or to an acquired failure of generation of TCR’s with affi- 
nity for xenoantigens during thymic education. Several recent studies of helper 
responses suggest that, at least for mouse anti-human responses, TCR recogni- 
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tion of xenoantigen is intact. This has been shown in two studies involving mice 
carrying a human class II transgene in which human MHC (HLA)-restricted 
helper responses [57, 58] and HLA-specific tolerance [58] were found to be intact. 
A contradictory result was found in a similar study in which mouse T cells did 
not proliferate in response to syngeneic stimulators expressing a transfected HLA 
class II antigen [59]. However, the latter result could equally be explained by a 
deficiency of CD4 interaction across species differences (see below). 

In order to eliminate any confounding effects of CD4 interactions, two studies 
examined helper responses to exon-shuffled hybrid MHC class II molecules in 
which the CD4 ligand (the p2 domain of MHC class II) was syngeneic to the 
responder cell, whereas the TCR ligand (the ai/pi domains) was xenogeneic. In 
both experiments, appropriate thymic deletion of autoreactive T cell clones and 
MHC-restricted nominal antigen-specific proliferative responses were found to 
be intact in mice carrying such exon-shuffled transgenic HLA class II molecules 
[60, 61]. Furthermore, human T cell proliferative responses to mouse H-2 anti- 
gens were restored by the expression of exon-shuffled hybrid MHC class II mole- 
cules in which the CD4 ligand region was of human origin and the TCR ligand 
region was of mouse origin [62]. In another line of study, mouse proliferative 
responses to HLA class II antigens expressed as transgenic products on mouse 
stimulator cells were restored, albeit partially, by the expression of transgenic 
human CD4 on the responder cells [63]. Taken together, these studies indicate 
that mouse and human helper T cells do acquire a TCR repertoire for xenogeneic 
MHC molecules during normal thymic education. Further support for this con- 
clusion comes from the demonstration of a remarkable homology of the hyper- 
variable regions of MHC molecules across species differences, even, in some 
instances, to a greater degree than that observed among alloantigens [64]. 

CD4 

Another possible defect might occur in the interaction of the CD4 molecule of 
the T cell with its ligand, namely, the P2 domain of the xenogeneic MHC class 
II molecule. This interaction has been studied recently using several different 
model systems. In one line of investigation, the in vitro proliferative response 
of human lymphocytes to mouse [11] and pig [37, 44, 46] class II xenoantigens 
was blocked by anti-human CD4 monoclonal antibody, indicating that the 
human CD4 molecule can interact with mouse and pig MHC class II molecules. 
The ability of human CD4 to interact with'mouse class II xenoantigens has also 
been shown in numerous studies in which the response of mouse T cells deficient 
in native CD4 to mouse class II antigens was enhanced by the presence of human 
CD4 molecules on the responder cells. The latter were added to the responders 
either through transfection [65, 66] or transgenic [58, 63, 67, 68] techniques. 
Enhanced responses were documented for IL-2 production [65, 66], proliferation 
[63, 67, 68], help for antibody production [58, 67, 68], and cytotoxic T cell (CTL) 
induction [58]. In addition, the presence of transgenic human CD4 molecules 
restored the development of mature CD4+ T cells in CDq-knockout mice [58, 
67, 68]. In contrast, two studies found diminished proliferation of human 
CD4''' responders to exon-shuffled hybrid class II molecules containing both 
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human and mouse domains when the CD4 ligand portion of the MHC molecule 
was of mouse rather than human origin [62, 69]. However, the negative results in 
the latter two studies probably reflect a special defect in human CD4-mouse I-E 
interaction rather than a defect in interactions with mouse class II molecules 
generally [49]. 

In contrast to the intact human CD4-mouse class II interaction, most studies 
have shown a defect in the mouse CD4-human class II interaction. This defect 
has been shown in studies utilizing CD4 transfection [70], CD4 transgenic 
[63], and xenogeneic class II transgenic [71] techniques. Outcome parameters 
included cell adhesion [70], proliferation [63], and thymic T cell deletion [71], 
utilizing both human [70] and mouse [63, 71] responders. Similarly, two studies 
utilizing transfected exon-shuffled hybrid class II molecules containing both 
human and mouse domains [72, 73] and one study utilizing transfected hybrid 
CD4 molecules [74] showed diminished cell adhesion [72, 74], IL-2 production 
[72, 74], and proliferation [73] with mouse CD4 on the responder population 
and human class II on the target population. One study did show intact nominal 
antigen-specific HLA class Il-restricted proliferation of mouse 004"^ T cells to 
mouse stimulators expressing transgenic human class II molecules [75]. However, 
since the requirement for accessory molecules such as CD4 can be low or absent 
in instances of very high TCR affinity for xenoantigen, an occasional discrepant 
result might not be unexpected. 

Thus, while a few discrepant results have been reported, the evidence over- 
whelmingly favors the conclusion that human CDq-mouse class II and human 
CDq-pig class II interactions are intact, and that a defect exists in mouse 
CDq-human class II interactions. 

Accessory Molecules 

A potential defect could also reside in the interaction of accessory cell surface 
molecules across species differences. Examples of such accessory molecule inter- 
actions include lymphocyte function-associated antigen (LFA)-i with intercellular 
adhesion molecule (ICAM)-i (or ICAM-2 or ICAM-3), CD2 with LFA-3, CD28 
with B7-1 (or B7-2 or B7-3), and very late activation antigen (VLA)-4 with vas- 
cular cell adhesion molecule (VCAM)-i (see Table 1). Experiments to test this 
possibility for helper responses have shown varying results. A study in which 
TCR triggering was achieved by crosslinking with an anti-CD3 monoclonal anti- 
body showed that various mouse and primate APC could induce proliferation of 
purified human T cells [76]. This finding suggests intact accessory molecule (and 
lymphokine) interaction between human T cells and mouse and primate stimula- 
tor cells. Additionally, studies examining proliferative responses of human lym- 
phocytes to mouse [11] and pig [35, 46] stimulators have demonstrated blocking 
of those responses by monoclonal antibodies directed against human LFA-i [11, 
35], CD2 [35], and CD28 [11, 46]. These results suggest intact interaction between 
human LFA-i and CD28 and their mouse and pig ligands, and between human 
CD2 and its pig ligand. In similar studies, proliferative responses of mouse lym- 
phocytes to human stimulators were blocked by monoclonal antibodies directed 
against human ICAM-i [77, 78] and mouse LFA-i [77], suggesting intact interac- 
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tion of mouse LFA-i with its human ligand. On the other hand, proliferation was 
not blocked by monoclonal antibodies directed against mouse CD2 or human 
LFA-3 [77], implying that the interaction of mouse CD2 with its human ligand 
is defective. Also, blocking studies have revealed a defect in interaction of 
human CD2 with its respective mouse ligand [79]. The latter result was also 
found in a study demonstrating enhancement of human anti-mouse proliferative 
responses by the transfection of human LFA-3 into the mouse stimulator cells 
[49]. However, in that same study, transfected human ICAM-i also enhanced pro- 
liferation [49], suggesting defective human LFA-i interaction with mouse ICAM-i 
and contrasting with the previously mentioned finding of intact interaction of 
human LFA-i with its mouse ligand [11]. We described experiments in which 
absent mouse proliferative responses to alloantigens expressed on transfected 
human APC were not reconstituted by exogenous mouse lymphokines, suggest- 
ing defective accessory molecule interactions between mouse responders and 
human stimulators [80]. 

Further information has been gained from monoclonal antibody blocking stu- 
dies in cell adhesion assays, suggesting intact interaction of human LFA-i with 
its mouse [81] and pig [82, 83] ligands and human VLA-4 with its pig ligand 
[82, 83]. In contrast, these same studies suggested defective interaction of 
mouse LFA-i with its human ligand [81] and human CD2 with its pig ligand 

[83] . Finally, the demonstration that rat pancreatic islet graft survival was pro- 
longed in mice by the in vivo administration of monoclonal antibodies directed 
against mouse CD2 suggests intact interaction of mouse CD2 with its rat ligand 

[84] . 

Thus, despite a few discrepancies among studies, one can conclude from these 
helper T cell and adhesion assays that human T cell accessory molecules generally 
do function well across species differences, whereas mouse T cell accessory mole- 
cules often do not, particularly as the phylogenetic disparity increases. Further- 
more, LFA-i-ICAM-i interactions seem to be largely preserved across species dif- 
ferences, whereas CD2-LFA-3 interactions are more frequently defective. Initial 
reports suggest intact interactions of human CD28 and VLA-4 with their respec- 
tive ligands for certain stimulator species. Interestingly, initial results suggest that 
most of the above accessory molecule interactions (LFA-i, CD28, and VLA-4 with 
their respective ligands) are intact for the human anti-pig response. The human 
CD2 interaction with its pig ligand may be a case of defective interaction of 
potential clinical importance, in that the CD2 molecule serves not only an adhe- 
sion but also a signalling function for T cells. Further studies will be needed to 
define the interaction of adhesion molecules that bind multiple ligands, such as 
the CD28 interaction with B7-1, B7-2, and B7-3. This could have clinical impli- 
cations, since the different ligand interactions can have different effects on T 
cells. 

Lymphokines 

Finally, defective lymphokine interaction across species differences could play a 
role in diminished helper T cell xenogeneic responses. Results of experiments 
to test this possibility have been conflicting. Two studies showed that highly pur- 
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ified, unprimed human T cells failed to proliferate in response to stimulation by 
mouse APC [32, 56]. The addition of either autologous human APC [32, 56] or 
exogenous human IL-i [32, 56] or human IL-2 [32] to the culture reconstituted 
the proliferative response. At first glance, these results would seem to indicate 
a defect in the interaction of mouse IL-i or IL-2 with human receptors. However, 
the possibility that the reconstitution of the proliferative responses resulted from 
incomplete responder APC depletion rather than correction of a lymphokine 
defect was not rigorously excluded in these studies. This alternative explanation 
is suggested by a similar study examining responder APC-depleted human anti- 
mouse T cell responses [47]. The latter study showed that xenoantigen was recog- 
nized indirectly as peptides on responder APC and that exogenous lymphokines 
failed to reconstitute the response. We have also been unable to restore primary 
mouse T cell-proliferative responses to monkey or human stimulators by exogen- 
ous recombinant mouse IL-i, IL-2, IL-4, or interferon (IFN)-y [80]. This implies 
more than simply a lymphokine interaction defect underlying diminished xeno- 
geneic proliferative responses. Furthermore, the study referred to earlier [76], in 
which T cell receptor triggering was achieved by crosslinking with an anti-CD3 
monoclonal antibody, showed that various mouse and primate APC could induce 
proliferation of purified human T cells. This suggests intact lymphokine function 
across species barriers. On the other hand, one study showed that exogenous gui- 
nea pig but not mouse mitogen-stimulated supernatant in the MLR culture 
reconstituted primary guinea pig anti-mouse cell-mediated lympholysis (CML) 
activity [12], suggesting a xenogeneic lymphokine defect presumably at the 
induction phase in that species combination. Recent studies suggest defects in 
human granulocyte-macrophage colony-stimulating factor (GM-CSF) activity 
on murine APC [11] and in human IFN-y activity on porcine endothelial cells 
[85]. 

Thus the data regarding lymphokine interactions across species differences for 
helper T cell xenorecognition are conflicting and incompletely studied. The bulk 
of evidence suggests that lymphokine interaction defects are probably not the 
principal factor underlying diminished in vitro helper xenogeneic responses. 



Direct Versus Associative Recognition of Xenoantigens by Helper Cells 

It is evident from the material reviewed thus far that the weak helper T cell xeno- 
geneic responses observed in primary in vitro assays for certain xenogeneic com- 
binations can result from any of several defects in molecular interactions between 
T cells and xenogeneic stimulator cells. Since such defects would be expected to 
interfere with direct T cell recognition of xenoantigens on xenogeneic APC, the 
question arises as to whether T cells preferentially recognize xenoantigens as pro- 
cessed peptides in association with self MHC molecules on host cells, in the man- 
ner of recognition of nominal antigens. The answer to this question has impor- 
tant implications regarding mechanisms of cell-mediated xenograft rejection. 

Once again, discrepant results have been reported in the literature. Utilizing 
responder and/or stimulator APC-depleted cultures, we found that mouse anti- 
monkey helper T cell responses were strictly dependent on the presence of 
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responder (mouse) APC and were blocked by anti-H-2 class II antibody [3]. Simi- 
lar results have been found by others for mouse anti-human [18, 20] and human 
anti-mouse [39, 47] helper responses, both indirectly by blocking with anti-host 
MHC class II antibodies [18, 20, 39] and directly by APC depletion [47]. These 
findings have been demonstrated for both primary [20, 39, 47] and secondary 
[3, 18] in vitro helper responses, and for experimental protocols describing either 
intact [20, 39, 47] or absent [3, 18] primary responses. In the human anti-mouse 
helper T cell responses [47], chloroquine treatment of responder APC, which 
interferes with the processing of exogenous antigens, and paraformaldehyde 
treatment of stimulator cells, which prevents shedding of xenoantigens, each 
abrogated the generation of xenospecific CTL, presumably by blocking the 
response at the induction phase. Only one study, examining the response of 
human CD4'^ helper T cells to mouse stimulators transfected with exon-shuffled 
hybrid MHC class II molecules containing mouse variable regions and human 
constant regions, showed direct xenorecognition [49]. This was shown by the 
efficacy of anti-H-2 class II but not anti-HLA class II monoclonal antibody in 
blocking the proliferative response. The latter result notwithstanding, the bulk 
of evidence suggests that, for mouse-human interactions, helper T cells recognize 
disparate xenoantigens primarily after processing and presentation of those anti- 
gens in association with self class II MHC molecules on host APC rather than 
through direct recognition. 

Contrasting with these results, one study examined the APC requirements of 
human helper T cell responses to a range of species less disparate than the 
mouse [47]. This study showed that human anti-pig proliferation could occur 
in the absence of human APC [47]. Furthermore, the generation of human 
CTL specific for the xenoantigens of a range of species, including the rhesus, 
pig, rabbit, and even rat, was found to be dependent on the presence of stimu- 
lator and not responder APC during the bulk MLR culture [47]. These results 
suggest that human helper T cells can recognize xenoantigens less disparate 
than the mouse directly on xenogeneic APC. This finding was corroborated by 
several subsequent studies of human anti-pig helper T cell responses, in which 
direct xenorecognition was shown by class II monoclonal antibody blocking stu- 
dies [37, 41, 46] or by APC manipulations [38, 41]. A single conflicting study, 
examining human helper proliferative responses to porcine endothelial cells, sug- 
gested indirect recognition based on APC depletion and class II blocking techni- 
ques [40]. A recent study, involving similar experimental techniques, revealed 
that both pathways could be utilized in the recognition of pig antigens by 
human helper T cells, with direct recognition appearing to be the dominant path- 
way [44]. Thus the preponderant evidence favors primarily direct recognition by 
human helper T cells of xenoantigens from a range of stimulator species (includ- 
ing the pig) less disparate than the mouse. 
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In Vitro Xenogeneic Cellular Immunity - Effector Phase 

Strength of the Effector Response 

For the effector (cytotoxic) phase of the response, in vitro xenogeneic CML 
assays using both bulk cultures and LDA have been performed. Results from 
bulk assays have again been conflicting. Many studies reported diminished xeno- 
geneic CML activity, either as an isolated finding [86-89] or in direct compari- 
son with allogeneic responses [90-93]. This was observed for human [88, 90, 92], 
rat [86], and mouse [87-91, 93] responders. In contrast, a smaller number of stu- 
dies reported human [21, 33, 47, 48, 94], guinea pig [12], rat [12, 95, 96], and 
mouse [12] xenogeneic CML responses to be at the level of allogeneic responses. 
Among the latter studies, the human anti-pig response has consistently been 
found to be intact by bulk CML assay [33, 47, 48, 94]. On the other hand, 
when examined quantitatively by LDA, the large majority of studies examining 
both human anti-pig [97, 98] and primary [99-101] and secondary [100, 102- 
105] mouse anti-human xenogeneic CML responses have shown lower precursor 
frequencies than those usually observed for allogeneic responses. A report of 
intact primary mouse anti-human CML examined by LDA represents an excep- 
tional case [106]. Another exception is the report of human anti-pig CTL precur- 
sor frequencies measured by LDA to be five- to eightfold greater than those 
observed for allogeneic responses [48]. Thus, the preponderant evidence suggests 
that in vitro xenogeneic CML responses frequently are weaker than allogeneic 
responses. However, for the potentially clinically relevant human anti-pig 
response, bulk CML responses are intact, and quantitative responses as measured 
by LDA have been diminished in only some studies. 



Cellular and Antigenic Requirements of the Effector Response 

For the effector phase of the xenogeneic response, most studies of xenogeneic 
CML activity in vitro have shown a central role for T cells [6, 7, 34, 107, 108]. 
The majority of studies have shown that T cell-mediated cytotoxicity resides 
overwhelmingly in the CD8^ subset [21, 47, 48, 94, 109-112]. This was observed 
for responses not only to xenogeneic class I MHC antigens [21, 110-112] but 
also to class II antigens [109-111]. The cytotoxic response against class II antigens 
was not blocked by anti-CD8 monoclonal antibody [109]. Recent reports of CD4+ 
mouse anti-rat CTL [51] and CD4'^ class Il-specific human anti-pig CTL [44] 
represent exceptional cases. Interestingly, in the latter study, one of the class 
Il-spedfic human anti-pig CTL clones was found to be CD8'^ [44]. The nearly 
exclusive role of the CD8'^ subset in studies of T cell-mediated xenogeneic cyto- 
toxicity differs somewhat from the allogeneic situation in the mouse, where CD4^ 
T lymphocytes can mediate cytotoxic responses to class II MHC alloantigens 
[50]. The likely role of potent non-classical effector mechanisms of xenograft 
rejection will be discussed below. 

Several studies have examined the nature of the target antigens recognized by 
xeno-specific CTL. Responses have uniformly been found to be specific for MHC 
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antigens [21, 86, 88, 107-111, 113, 114], similar to allogeneic responses. While some 
groups have found CML activity to be directed solely against class 1 MHC anti- 
gens [21, 86, 88, 107, 112-114], others have found the responses to be distributed 
between class 1 and class II antigens [108, no, 111] or even exclusively against 
class II antigens [44, 109]. An unusually high incidence of MHC class Il-specific 
CTL might be explained by poor CD8 molecule function across species differ- 
ences (see below). This would result in a failure to channel CTL toward recogni- 
tion of xenogeneic class I antigens. Although a few studies have reported mouse 
CTL to be specific for monomorphic determinants of both class I and II MHC 
xenoantigens [88, 91, 100, no], the majority of studies have found xenogeneic 
responses to be directed predominantly or exclusively against the polymorphic 
regions of those antigens [12, 21, 56, 86, 88, 94-96, 106, 107, 110-116]. The fine 
specificity of several human anti-mouse CTL lines has been mapped to the iden- 
tical polymorphic determinants of mouse class I molecules recognized by allos- 
pecific CTL [116]. 

In summary, many of the cellular and antigenic requirements of the effector 
phase of in vitro xenogeneic responses are similar to those of allogeneic 
responses. Some differences include the nearly exclusive use of the CDS"^ subset 
for CTL-mediated xenogeneic responses, the tendency toward CTL recognition of 
class II as well as class I MHC xenoantigens, and the recognition, in some cases, 
of monomorphic rather than polymorphic determinants of MHC xenoantigens. 
Finally, a difference of potential importance is the likelihood of nonclassical 
effector pathways for xenoantigens (see below). 



Cell Surface Molecule Requirements of the Effector Response 

CTL activity depends on the appropriate interaction of several types of cell sur- 
face molecules present on the effector and target populations (Table 1). Dimin- 
ished xenogeneic cytotoxicity could then result from defective interaction of 
these cell surface molecules across species differences, as discussed for helper 
responses. 

T Cell Receptor 

As for helper xenogeneic responses, diminished xenogeneic cytotoxicity might 
result from a defect in TCR recognition of xenoantigen. This could arise either 
through a genetic deficiency in the TCR repertoire for xenogeneic MHC mole- 
cules or to an acquired failure of generation of TCR’s with affinity for xenoanti- 
gens during thymic education. To examine these possibilities, one approach has 
been to measure xenogeneic CML responses of transgenic mice expressing an 
HLA class I antigen in the thymus. If the diminished TCR xenorepertoire were 
an acquired phenomenon, the presence of a xenogeneic MHC molecule during 
thymic education might correct this defect. CTL from such mice were found to 
recognize viral antigens in association with the HLA molecule in a restricted 
fashion [117] and not to lyse MHC-identical mouse cells transfected with the 
HLA molecule encoded by the transgene [118]. These results point to a role for 
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Tablet. Examples of cell sur- 
face molecule interactions that 
may be involved in T cell- 
xenogeneic cell interactions 



Type of interaction 


Responder cell 
surface molecule 


Xenogeneic cell 
surface molecule 


Antigen recognition 


T cell receptor 


MHC molecule al/a2 
(cl I) or al/pl (cl II) 
domains 


Accessory molecule 


CD4 


Monomorphic class II 
MHC P2 domain 




CDS 


Monomorphic class I 
MHC a3 domain 




LFA-1 

(CDlla/CDlS) 


ICAM-1 (CD54), 
ICAM-2 (CD102), or 
ICAM-3 (CD50) 




CD2 


LFA-3 (CD58) 




CD28 or CTLA-4 


B7-1 (CD80), B7-2 
(CD86), or B7-3 




VLA-4 (CD49d) 
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the xenogeneic MHC molecule in positive and negative selection, respectively. 
However, the HLA-restricted viral responses were much weaker than those 
restricted by native H-2 molecules [93], and CML responses against human 
xenoantigens were no greater in the transgenic mice than in nontransgenic 
mice in most [99, 103, 105] but not all [119] studies. The latter findings imply 
that the presence of a xenogeneic MHC molecule in the thymus only weakly 
influences the TCR repertoire for xenoantigens. These results could be inter- 
preted as showing a defect in TCR-xenogeneic MHC molecule interaction. 
However, in view of the important role of the CDS molecule in the thymic selec- 
tion of class I-restricted T cells [120-122], these results could equally be explained 
by a defect in CD8-xenogeneic MHC molecule interaction during thymic selec- 
tion. 

In order to eliminate any confounding effects of CDS interactions across spe- 
cies differences, transgenic mice were generated that expressed exon-shuffled 
hybrid class I molecules containing human domains in the TCR ligand region 
(ai and ai domains) and a mouse domain in the CDS ligand region (a3 domain). 
Such mice were found to mount appropriate HLA-restricted nominal antigen 
[123] and HLA-allogeneic [124] cytotoxic responses. Thus, there does not appear 
to be a genetic deficiency in the mouse CTL repertoire for xenogeneic MHC 
molecules. In another approach, transgenic mice expressing the human CDS 
molecule were tested for anti-human CML responses [125]. Cytotoxic responses 
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against HLA class I antigens, as measured both by bulk CML assay and LDA, 
were restored to levels seen against H-2 alloantigens by the presence of the 
human CDS transgene [125]. Furthermore, HLA class I-restricted nominal antigen 
responses were restored in animals also expressing a transgenic HLA class I anti- 
gen, which would then be available for T cell education in the thymus [125]. Also, 
mouse anti-human xenogeneic cytotoxic responses were restored when the tar- 
gets cells were transfected with exon-shuffled hybrid MHC molecules containing 
a mouse domain in the CDS ligand region [87, 126]. Taken together, these results 
strongly suggest that mouse CTL do acquire a TCR repertoire for xenogeneic 
MHC molecules during normal thymic education. 

CDS 

Transfection and transgenic models have been used to examine the possibility of 
a defect in TCR/CD8 interactions with xenogeneic MHC molecules by CTL. In 
one type of experiment, mouse CTL primed against a human or pig class I 
MHC xenoantigen were tested in vitro for killing of mouse cells expressing the 
specific xenoantigen either by transfection or transgenic techniques. Since the 
targets were of mouse origin, accessory molecule and lymphokine interactions 
would be expected to be intact. Any deficiency in cytotoxicity should then 
only result from deficiencies of TCR and/or CD8 interactions with the xenoanti- 
gens. Although some such studies reported relatively intact killing [106, 127, 128], 
the large majority of studies [89, 99-101, 104, 105, 129-131] reported weak CML 
activity. Given the demonstration that TCR interactions with xenoantigens are 
probably intact (see above), the likely explanation for these results is a defect 
in mouse CD8 interaction with human or pig class I MHC molecules. 

In order explicitly to distinguish between TCR and CD8 defects, cytotoxic 
responses to exon-shuffled hybrid MHC molecules containing mouse ai and U2 
domains and a human as domain, or human ai and U2 domains and a mouse 
as domain, have been investigated. While one such study found that the precur- 
sor frequency of mouse CTL specific for an HLA class I xenoantigen transfected 
onto a mouse target cell was not enhanced by the presence of a human as 
domain [102], three other studies have demonstrated that the primary defect 
resided in the CD8-xenogeneic as domain interaction [87, 126, 132]. Among the 
latter investigations, one study [132] showed that alloprimed human and mouse 
CML responses against targets transfected with the appropriate allogeneic MHC 
molecules were diminished by the presence of a xenogeneic as domain (mouse 
and human, respectively) in the transfected molecules. A second study [87] 
showed that xenoprimed mouse anti-human CML responses against targets trans- 
fected with the appropriate xenogeneic MHC molecule were enhanced by the 
presence of a mouse as domain in the transfected molecule. Finally, both the lat- 
ter [87] and a third study [126] showed that the induction of mouse allogeneic 
[126] and anti-human xenogeneic [87, 126] CML responses depended on the pres- 
ence of a mouse rather than a xenogeneic (human) as domain in the transfected 
stimulating antigens. The latter observations were made for both in vivo [126] 
and in vitro [87] stimulations. Another group of investigators reported dimin- 
ished mouse CML responses to a transfected MHC alloantigen when expressing 
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a human rather than a mouse 03 domain [133], although they attributed this to 
an alteration in the configuration of the ai and ai domains by the xenogeneic 
U3 domain rather than to a defect in CDS -xenogeneic U3 domain interaction. 

Further support for defects in CDS interactions across species differences 
come from studies involving transgenic mice alluded to earlier [123, 124]. In 
one study, HLA-transgenic mouse T cells educated to mount HLA class I- 
restricted nominal antigen-specific CML responses were found to lyse targets 
more efficiently when the targets expressed exon-shuffled hybrid MHC class I 
antigens containing a mouse rather than a human domain in the CDS ligand 
region [123]. In another study, HLA-transgenic mouse T cells were found to 
mount stronger anti-HLA class I-specific “allogeneic” cytotoxic responses when 
the HLA transgene contained a mouse domain in the CDS ligand region [124]. 
The latter finding presumably reflects more effective thymic education to the 
HLA molecule in the thymus after correction of the defect in CDS interaction 
across species differences. 

Taken together, the evidence strongly suggests a defect in CDS interactions for 
mouse anti-human, mouse anti-pig, and human anti-mouse CTL responses. 
Interestingly, although examined in proliferative rather than cytotoxic assays, 
human CDS"^ T cells have been shown to mount a proliferative response to pig 
endothelial cells [35, 46], and this response is blocked by anti-CDS monoclonal 
antibodies [46]. This suggest that the CDS interaction for the human anti-pig 
combination is intact. 

Accessory Molecules 

A series of experiments has addressed the question of a defect in accessory mole- 
cule interactions by examining the ability of HLA class I-specific alloreactive CTL 
to lyse mouse tumor cell targets transfected with the target HLA class I molecule. 
Several studies using transfected mouse L cell and other mouse targets showed a 
failure of target lysis whether or not human P2-niicroglobulin was supplied either 
exogenously or by cotransfection [92, 134-138]. These results were initially attrib- 
uted to a defect in accessory molecule interaction across species differences or 
possibly to a defect in expression of appropriate human self peptides in associa- 
tion with the transfected HLA class I molecules [138]. However, these interpreta- 
tions were questioned following the demonstration that mouse L cells generally 
do not express ICAM-i [139]. It was subsequently shown that ICAM-i-expressing 
mouse P815 tumor cells [88, 140-142] and an unusual ICAM-i-expressing mouse 
L cell variant [143] were lysed well when transfected with the appropriate xeno- 
geneic class I MHC molecules. The latter results implied that human LFA-i could 
indeed interact with mouse ICAM-i. This conclusion was further supported by 
the observations that human anti-mouse [88, 140], human anti-monkey [92], 
and mouse anti-human [109] CML responses were blocked by anti-responder 
LFA-i antibody. A recent report showed that human CDi6'^ natural killer (NK) 
cell binding to rat endothelial cells was blocked by anti-human LFA-i antibody, 
suggesting intact LFA-i function for that species combination. On the other 
hand, a second major accessory molecule pathway, namely, CD2 on the T cell 
interacting with LFA-3 on the target cell, has been shown not to function in 
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the human anti-mouse combination [92, 140, 143, 144], although it does function 
in human anti-monkey [92] and mouse anti-rat [84] responses. 

These observations from investigations of effector responses corroborate the 
conclusions derived from studies of helper responses. Thus human T cell acces- 
sory molecule interactions across species differences are more preserved than 
those of murine T cells, and LFA-i interactions across species differences are gen- 
erally intact. Effector studies suggest that CD2 does function when species differ- 
ences are small (human-monkey and mouse-rat) but not when they are disparate 
(human-mouse). 



Direct Versus Associative Recognition of Xenoantigens by Effector Cells 

Analogous to the situation for helper T cells, given the likely presence of one or 
more defects in cell surface molecule interactions across species differences, the 
question arises: Do CTL preferentially recognize xenoantigens as processed pep- 
tides in association with self MHC molecules on host cells, or do they recognize 
those antigens directly on xenogeneic target cells? The answer to this question 
also has important implications regarding mechanisms of cell-mediated xeno- 
graft rejection. 

Virtually every study of the effector phase of the response has shown some 
ability of CTL to lyse xenogeneic targets and therefore to recognize xenoantigens 
directly. However, as described earlier, features of this interaction are unusual, 
including the nearly exclusive use of the CDS"^ CTL subset even for recognition 
of class II MHC xenoantigens, the defective function of the CDS accessory mole- 
cule for many species combinations, and the relatively even distribution of 
responses directed against class I and class II MHC xenoantigens. This can be 
explained partly by the general observation that accessory molecule requirements 
across species differences decrease following CTL activation. These observations 
also suggest that the xeno-reactive T cells measured in these assays might repre- 
sent relatively rare CTL clones that do not require CDS molecule function 
because of very high TCR affinity for xenoantigens. This raises the possibility 
that xenogeneic CTL may more frequently recognize xenoantigens in association 
with self MHC molecules. In order to study this question, a series of experiments 
was performed utilizing mouse T cells primed against human or pig xenoanti- 
gens. CML responses of the mouse T cells against xenogeneic (or allogeneic) tar- 
gets were compared to responses against H-2-identical mouse targets expressing 
the appropriate xenogeneic class I antigen by transfection or transgenic techni- 
ques [89, 99-101, 103, 104, 106, 128-130, 145]. The latter targets would present 
xenoantigens not only in native form but also as peptides in association with 
host (mouse) MHC molecules. While some studies [89, 101, 106, 128] favored 
direct over associative recognition of xenoantigens, a larger number of studies 
[99, 100, 103, 104, 129, 130, 145] demonstrated predominantly or exclusively asso- 
ciative recognition. The evidence for associative recognition included signifi- 
cantly greater lysis of transfected mouse targets than xenogeneic targets [99, 
100, 129, 130, 145], blocking of the lysis of transfected targets by anti-host H-2 
antibodies [99, 100, 103, 129, 145], and lysis of transfected mouse targets coex- 
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pressing self but not allogeneic H-2 molecules [loo, 103, 104, 129]. The identifica- 
tion of the specific oligopeptides of the xenogeneic class I MHC antigens recog- 
nized in association with self MHC molecules by the xenoreactive CTL [104, 146] 
provided further confirmation of the existence of an associative recognition path- 
way. Thus the evidence is mixed regarding direct versus associative recognition 
of xenoantigens by CTL but does show a substantial role for associative recogni- 
tion of xenoantigens by CTL. 



Nonclasskal (Non-Cytotoxic T Lymphocyte-Mediated) 

Effector Pathways 

The possibility of a non-T cell-mediated effector mechanism of xenograft rejec- 
tion, involving either NK cells, macrophages, or antibody-dependent cell- 
mediated cytotoxicity (ADCC) was raised in some early studies [7, 147-151]. A 
few years ago, our colleagues characterized a population of helper-dependent 
Thy-i"^ CD4‘ CDS' NKi.i"^ NK-like effector cells with potent xenogeneic cytotoxic 
activity in bulk mouse anti-rat MLR cultures (D. Doody and H.J. Winn, personal 
communication). These NK-like cells were not generated in allogeneic cultures 
and did not lyse allogeneic targets. Thus they may constitute a non-T cell cyto- 
toxic effector population unique to xenogeneic responses. Another group 
described a population of CD4“ CDS" MHC-nonspecific y /5 T cells cytotoxic 
for rat targets in a mouse anti-rat CML assay [112]. We consistently observed a 
population of non-T cell, HLA-nonspecific, NK-like effectors with potent cyto- 
toxicity in bulk rhesus peripheral blood lymphocyte anti-human B lympho- 
blastoid cell line CML assays (R.D. Moses and R.E. Cress, unpublished observa- 
tions). 

More recently, a number of studies have suggested the capacity of human NK 
cells to mediate xenograft damage in vitro. Several studies described the genera- 
tion of potent NK lytic activity in human anti-pig MLR cultures [33, 34, 37, 152, 
153]. Enhancement of target lysis by exogenous IL-2 suggested lymphokine-acti- 
vated killer (LAK) activity in the effector population [152]. NK cell effectors seem 
to be preferentially generated over classical CTL when vascular endothelial cells 
are the stimulator population [153]. An ADCC mechanism of target lysis has 
also been demonstrated in human anti-pig cultures against mononuclear cell 
[132] and endothelial cell [154] targets. The effectors in the latter study were char- 
acterized as CDi6'^ NK cells [154]. Human NK cells mediating lytic damage have 
also been demonstrated in an ex vivo study of rat hearts perfused with human 
lymphocytes [155] and in a study of adherence of human lymphocytes to rat 
and bovine endothelial cells [156]. 

While the results of in vitro studies strongly suggest an ability of nonclassical 
effector cells to mediate xenograft damage, the data supporting a role for non- 
classical effector mechanisms of xenograft rejection in vivo has, at least thus 
far, been more limited. Some studies have suggested a role for NK cells [157-159], 
ADCC [158], macrophages [160], or unconventional Thy-i“ sig" lymphoid cells 
[161] in murine models of skin [157], heart [157-159) 161], and pancreatic islet 
[160] xenograft rejection. Interestingly, a pure delayed- type hypersensitivity 
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mechanism was found not to play a role in a murine model of islet xenograft rejec- 
tion [162]. These in vivo studies will be discussed further in the next section. 

Thus numerous studies suggest the ability of NK cells and possibly macro- 
phages, ADCC effectors, y/5 T cells, and/or other unconventional lymphoid 
cells to mediate potent in vitro cytotoxic responses against xenogeneic targets. 
Of potential importance, NK cells have been shown to mediate brisk cytotoxic 
responses in human anti-pig assays. The extent to which these effector popula- 
tions play a role in xenograft rejection in vivo remains incompletely studied. 



In Vivo Studies of Xenogeneic Cellular Immunity 

while in vitro studies can provide qualitative and quantitative information on the 
cellular, antigenic, and molecular aspects of the cell-mediated xenogeneic 
response, in vivo models have the capacity to reveal the biologically relevant 
mechanisms operational in xenograft rejection. With antibody blocking or deple- 
tion techniques and various genetic manipulations of the donor or host, in vivo 
studies can also provide information at the cellular and molecular level as well. 

In a series of experiments involving skin and heart xenograft rejection in mice 
with varying combinations of genetically deficient T, B, and NK/K cell function, 
indefinite survival was consistently found whenever a T cell deficiency was pre- 
sent [157]. These studies point to a central role for T cells in this murine model of 
xenograft rejection. We showed that the CD4+ T cell subset, in particular, is of 
central importance in xenograft rejection. This was based on the demonstration 
that CDq-specific, but not CD8-specific immunosuppression in vivo significantly 
prolonged both xenogeneic [163] and pig class I-transgenic syngeneic [164] but 
not whole MHC-disparate allogeneic skin graft survival in the mouse. The central 
role of CD4*^ T cells in xenograft rejection was further demonstrated by the abil- 
ity of CD4^ T cells adoptively transferred into severe combined immunodefi- 
ciency (SCID) SCID mice to mediate xenogeneic skin graft rejection following 
in vivo depletion and/or blocking of CD8^ T cells, B cells, and NK cells [165]. 
This and other observations in murine models of pancreatic islet [166-173], 
heart [161, 172, 174, 175], and skin [172] xenograft rejection point to a central 
role for CD4"^ T cells in the mediation of xenograft rejection in murine hosts. 

While 004“^ T cells clearly play the dominant role in mediating xenograft 
rejection, CD8^ T cells have been shown to have an ancillary role. In studies 
alluded to earlier, we demonstrated greater prolongation of xenogeneic skin 
graft survival in the mouse with in vivo depletion of both CD4^ and 008“^ 
cells in comparison with depletion of CD4^ cells alone [163]. Furthermore, stu- 
dies have demonstrated the ability of a mouse anti-rat CTL line [176] and a 
human anti-mouse CTL clone [177] to mediate xenospecific pancreatic islet rejec- 
tion and dermal tissue injury, respectively, when adoptively transferred to the 
appropriate xenogeneic host. At least one study has shown the ability of adop- 
tively transferred primed €08"^ T cells to induce rat skin xenograft rejection in 
T cell-deficient mice [178]. 

With respect to nonclassical effector pathways, one study alluded to earlier 
utilizing mice genetically deficient in the function of various lymphocyte subsets 
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suggested an ancillary role for NK/K cells in xenograft rejection [157]. A role for 
NK cells has also been suggested by the demonstration of prolonged survival of 
hamster hearts in either NK-deficient rats [159] or T cell-deficient rats treated 
with anti-NK cell antibody [158]. An additional role for ADCC was suggested 
in the latter study by the efficacy of primed serum to induce prompt heart 
graft rejection in complement-deficient rats [158]. The intriguing finding that 
macrophages were the predominant cell type infiltrating rejected pig islet grafts 
in rats, whereas T cells predominated in rejected allografts, raises the possibility 
that macrophages are a principal effector in some forms of xenograft rejection 
[160]. Finally, a study alluded to earlier showed that pig or rat pancreatic islet 
cells, transplanted as mixed cell suspensions along with syngeneic islets, were 
selectively rejected, whereas the syngeneic islets were spared (despite an intense 
surrounding infiltrate) [162]. This finding argues against a pure delayed-type 
hypersensitivity mechanism of rejection, i.e., one involving nonselective graft 
destruction mediated by soluble factors alone. The extent to which the latter 
result, involving xenogeneic pancreatic islet rejection, can be extrapolated to 
the rejection of solid organ xenografts remains to be determined. 



Mechanisms and Control of Cell-Mediated Xenograft Rejection 

In nearly all the above studies, utilizing models in which the humoral rejection 
process played a minor or no role, cell-mediated xenograft rejection was uni- 
formly brisk. CD4'^ T cells, in particular, appear to mount powerful rejection 
responses to xenografts in vivo [179]. Furthermore, only a paucity of studies, uti- 
lizing immunosuppressive strategies directed against cell-mediated responses, 
have shown prolonged xenograft survival in direct comparison with allograft sur- 
vival [163, 164, 180]. How then does one reconcile the difference between the gen- 
erally weak helper and effector responses to xenoantigens observed in vitro and 
the strong cell-mediated responses seen in vivo? Given our current level of 
knowledge, one can only speculate as to the underlying causes, although it is 
likely that several mechanisms contribute to the vigorous responses observed 
in vivo. 

In order to conceptualize better the possible rejection mechanisms involved, 
two separate schemes of cell-mediated xenograft rejection have been considered. 
One scheme is based on the so-called three-cell model of CTL activation [181]. 
According to the three-cell model, the activation of CTL by helper T cells requires 
intimate physical contact between the two types of T cells bound to the same 
APC. One can then envision four potential mechanisms of rejection, depending 
on the utilization of direct versus indirect recognition of xenoantigen at both 
the helper and effector phases of the response (Fig. 1). 

In mechanism A, both helper T cells and CTL are postulated to recognize 
xenoantigens directly on xenogeneic cells. In this case, a classical allograft-like 
CTL-mediated mechanism of rejection would be expected. Based on the data 
reviewed earlier, this mechanism would be expected for phylogenetically close 
host-donor species combinations and for the human anti-pig response, two 
situations in which direct xenorecognition has been demonstrated in vitro. 
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In mechanism B, direct xenorecognition is postulated to be intact for helper T 
cells but not for CTL. In this case, one could envision the activation of a nonclas- 
sical effector pathway mediated by any of the MHC antigen-nonspecific effectors 
discussed earlier, such as NK cells, macrophages, ADCC effectors, or atypical 
lymphoid cells (designated “X” in Fig. i). The recent demonstrations that such 
xenoreactive effectors exist, that they are potent in vitro, and that they may be 
preferentially activated when direct CTL xenorecognition is impaired [34] suggest 
that this rejection mechanism may play a role in vivo. The exact effectors 
involved, the mechanisms of effector activation, and the xenoantigens recognized 
remain to be elucidated. 

In mechanism C, direct xenorecognition is postulated to be intact for CTL but 
not for helper T cells. In this nonclassical scenario, indirectly reactive helper T 
cells, responding to xenoantigens after processing and presentation as peptides 
in association with self MHC molecules on host APC, would activate directly 
reactive CTL. If such activation of classical CTL by indirectly reactive helper T 
cells is eventually shown to occur in xenograft rejection, as appears to be the 
case for allograft rejection [182], it could help to explain (along with mechanism 
D below) the discrepancy between weak primary helper T cell xenoresponses in 
vitro and brisk rejection responses in vivo. 

Finally, in mechanism D, neither helper T cells nor CTL can recognize xenoan- 
tigens directly. In this case, as in mechanism C, helper T cells would respond to 
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Fig.lA-D. Implications of impaired direct recognition of xenoantigens on mechanisms of xeno- 
graft rejection in the context of the three-cell model of cytotoxic T cell (CTL) activation [181]. 
A If both helper T cells ( Th) and CTL can recognize xenoantigens directly on xenogeneic cells, 
then Th will activate CTL specific for the antigens expressed on the somatic cells of the xeno- 
graft, and the graft will be rejected by a classical CTL-mediated mechanism. B If Th but not 
CTL are able to recognize xenoantigens directly on xenogeneic cells, then it is postulated that 
Th will induce population X of antigen-nonspecific cytotoxic effector cells, e.g., natural killer 
(NK) cells or macrophages, to mediate graft rejection by a nonclassical CTL-independent 
mechanism. C If CTL but not Th are able to recognize xenoantigens directly on xenogeneic 
cells, then it is possible (albeit contrary to conventional theory) that Th, responding to xeno- 
geneic peptides on host antigen-presenting cells (APC), might induce graft rejection by a 
quasi-classical CTL-mediated mechanism. D If neither Th nor CTL can recognize xenoantigens 
directly, then it is postulated that Th, responding to xenogeneic peptides on host APC, will 
induce population X of antigen- nonspecific cytotoxic effector cells to mediate graft rejection 
by a nonclassical CTL-independent mechanism 



xenogeneic peptides presented on host APC. As in mechanism B, such helper T 
cells might then induce nonclassical effectors to mediate xenograft destruction in 
an MHC-nonspecific fashion. This pathway would not be hindered by a defect in 
direct xenorecognition by helper T cells and could explain (along with mechan- 
ism C) the brisk responses seen in vivo despite the weak primary helper 
responses often observed in vitro. It should be noted that these four hypothetical 
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mechanisms would not necessarily be mutually exclusive, given the nonhomoge- 
neous populations of cells mediating immune responses in a given host. 

An alternative scheme of cell-mediated xenograft rejection focuses on the sce- 
nario described in Fig. iC (directly xenoreactive CTL, indirectly xenoreactive 
helper T cells) and is based on the so-called four-cell model of CTL activation 
[182]. According to the four-cell model, it is postulated that both B cells and 
CTL recognize xenogeneic class I MHC molecules directly on xenogeneic APC. 
It is further postulated that helper T cells recognize xenogeneic peptides in asso- 
ciation with self class II MHC molecules expressed on host B cells, the latter ser- 
ving as APC. A four-cell cluster would then form in which indirectly xenoreactive 
helper T cells could induce graft rejection by a classical CTL-mediated mechan- 
ism (Fig. 2). This scheme of xenograft rejection is consistent with the evidence 
from many in vitro studies, which show that helper T cells frequently recognize 
xenoantigens indirectly whereas CTL commonly use the direct pathway of xeno- 
recognition. Furthermore, the four-cell model has some theoretical appeal over 
the analogous three-cell model (mechanism C above) in that the former entails 
an intimate approximation of helper T cells and CTL. 



Helper 

Phase 



Effector 

Phase 



Xeno peptide 
-i- host class II 
MHC molecule 




Fig. 2. An alternative mechanism of xenograft rejection based on the four-cell model of cytotoxic 
T cell (CTL) activation [182]. It is postulated that B cells and CTL recognize xenogeneic class I 
major histocompatibility complex (MHC) molecules directly on xenogeneic antigen-presenting 
cells (APC). It is further postulated that helper T cells (T^) are not directly xenoreactive. Instead, 
they recognize xenogeneic peptides in association with host class II MHC molecules expressed 
on host B cells, the latter also serving as APC. A four-cell cluster could then form in which indir- 
ectly xenoreactive Th could induce graft rejection by a classical CTL-mediated mechanism 
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Thus, several not mutually exclusive pathways of xenograft rejection can be 
postulated, supported by recently acquired knowledge of nonclassical effector 
mechanisms and the characterization of species combinations with intact direct 
xenorecognition. Which mechanism or mechanisms are operational in a given 
xenografting situation remain to be elucidated. 

Based on these observations, we continue to support the notion that cell- 
mediated xenograft rejection is highly dependent on the helper phase of the 
response and thus susceptible to modification by immunosuppression directed 
against helper T cells. However, in light of newly acquired knowledge of 

effector mechanisms, cellular xenograft rejection, once activated, would be 
expected to be stronger than allograft rejection. Furthermore, our current knowl- 
edge of human anti-pig responses suggests that any of the effector mechanisms 
discussed above could potentially contribute to xenograft destruction. Thus, 
cellular xenograft rejection in the clinical setting would be expected to be, if any- 
thing, more difficult to control than allograft rejection. 



Comment 

Current knowledge of xenogeneic cell-mediated immune responses can be sum- 
marized as follows: 

1. Helper T cell and CTL responses to xenoantigens are often weaker in vitro 
than to alloantigens. This results from diminished frequencies of xenoreactive 
helper T cell and CTL precursors in unprimed hosts and is manifested by 
decreased or undetectable responses in primary in vitro MLR, IL -2 production, 
and CML assays. These responses are particularly weak for phylogenetically dis- 
parate responder-stimulator combinations and for murine responders. In vitro 
human responses to xenoantigens, on the other hand, are either intact or only 
mildly diminished for most stimulator species, notably including the pig. 

2. Helper xenogeneic responses are mediated almost exclusively by CDq"^ T cells 
recognizing monomorphic or polymorphic determinants of MHC class II 
molecules. Preliminary evidence suggests a preferential activation of the Th 2 
subset early in the time course of the response. Vascular endothelial cells 
appear to be a particularly potent APC stimulating the xenogeneic helper 
response. 

3. CTL-mediated xenogeneic responses are mediated almost exclusively by CD8‘^ 
T cells recognizing monomorphic or polymorphic determinants of MHC class 
I and, suprisingly, class II molecules. The even distribution of class I- and 
class Il-specific CTL probably reflects a deficiency of CDS interaction across 
species differences with a resultant lack of channeling of CTL solely to class 
I-positive targets. 

4. In vitro studies have demonstrated potent non-classical effector pathways of 
xenogeneic cellular immunity mediated by NK cells, macrophages, ADCC, 
and/or atypical lymphoid cells. Preliminary evidence suggests a potential 
role for such effectors in xenograft rejection in vivo, although qualitative 
and quantitative aspects of this response remain poorly understood. Interest- 
ingly, a strong human NK cell-mediated response to pig xenoantigens has been 
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demonstrated in vitro, particularly when tested against vascular endothelial 
cell targets. 

5 . The weakness of xenogeneic T cell responses observed in vitro results from 
defects in molecular interactions at the cell surface between T cells and xeno- 
geneic cells. The number and severity of defective interactions (see Table i) 
increase as the phylogenetic disparity increases and correlate with the degree 
of deficiency of helper T cell and CTL-mediated responses in vitro. Although 
the available information is incomplete, there is clear evidence for defective 
CD2, CD4, and CDS interactions across disparate species differences and for 
murine responders. There are probably additional, albeit less well character- 
ized, defects in lymphokine interactions. There is little evidence for a major 
defect in LFA-i function across species differences or in the TCR repertoire 
for xenoantigens at either the genetic or the acquired level. Interestingly, 
cell surface molecule interactions appear to be largely intact for the human 
anti-pig response, not only for the above-mentioned molecules but also for 
CD28 and VLA-4 interactions with their ligands. 

6. For those cases where cell surface molecule interactions are defective, T cells 
more easily recognize xenoantigens indirectly as peptides in association with 
host MFIC molecules (in the manner of recognition of nominal antigens) 
rather than directly on xenogeneic cells (in the manner of recognition of 
MHC alloantigens). This phenomenon applies to both helper T cells and 
CTL and has been most clearly demonstrated for disparate species combina- 
tions and for murine responses to xenoantigens. On the other hand, the 
bulk of evidence to date suggests that human T cells can recognize pig xenoan- 
tigens directly on pig cells and thus would not be expected to utilize the indir- 
ect pathway preferentially for recognition of those antigens. 

7 . Despite the weak in vitro T cell responses to xenoantigens seen in some spe- 
cies combinations, in vivo xenograft rejection is uniformly brisk. This discre- 
pancy remains poorly understood. One can speculate that helper T cells recog- 
nizing xenoantigens indirectly on host APC can mount a potent rejection 
response by either of two possible mechanisms. One such possibility is that 
indirectly xenoreactive helper T cells recruit either nonclassical effector 
cells, which then mediate graft destruction in an MHC-nonspecific fashion 
(Fig. iD), or directly xenoreactive CTL, which mediate MHC-specific graft 
destruction (Fig. iC). The other possibility is that indirectly xenoreactive 
helper T cells bound to directly xenoreactive B cells recruit directly xenoreac- 
tive CTL bound to xenogeneic APC in a four-cell cluster (Fig. 2). These various 
hypothetical effector pathways would result in rejection responses at least as 
potent as those mediated by classical CTL-mediated rejection of allografts. 
In addition to nonclassical effector mechanisms, classical CTL-mediated rejec- 
tion, possibly including CD4‘^ effector cells, would be expected to contribute 
to xenograft rejection in those species combinations where direct T cell recog- 
nition of xenoantigens is intact. The human response to pig xenografts will 
likely be an example of this “double-jeopardy” situation. 

8. Despite the potent effector mechanisms operating against xenografts, the 
induction phase does appear to be highly dependent on CD4“^ helper T cells. 
This raises the possibility that cellular xenograft rejection might be suscepti- 
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ble to control with CD4-specific immunosuppresion. This has been shown in 
murine models by the efficacy of in vivo CD4-specific immunosuppression in 
prolonging the survival of skin, pancreatic islet, and heart xenografts but not 
whole MHC-disparate allografts. However, whether this approach can be 
extrapolated to the clinical setting, where, for example, the human anti-pig 
response seems to be largely allogeneic-like, remains to be proven. Thus, 
with the new knowledge now available, we must moderate previous conclu- 
sions and express concern that cell-mediated xenograft rejection may be 
more difficult to control than allograft rejection. Indeed, immunosuppressive 
strategies may have to be directed against not only allogeneic-like rejection 
mechanisms but also those unique to xenografting, including rejection 
mechanisms mediated by non-classical effector pathways. 



Future Directions 

1. While some cell surface molecule interactions have been well characterized 
across certain species differences, a number of interactions, particularly 
those involving lymphokines as well as certain adhesion, activation, and 
down-regulatory molecules, remain poorly defined. Examples include the 
interactions of CD28, VLA-4, CD40, and Fas with their ligands. Future studies 
should characterize these interactions in more detail and should concentrate 
on the clinically relevant human anti-pig response. 

2. The suggestion that Th2 cells are preferentially activated against xenoantigens 
should be explored further with attention to the possibility of new immuno- 
suppressive strategies based on this property of the xenogeneic response. 

3. If vascular endothelial cells are found to play an important role in graft rejec- 
tion in vivo, attention should be focused on characterizing cell-mediated 
responses to xenogeneic endothelial cells. Indeed, recent studies suggest that 
they are potent stimulators of nonclassical effector populations. 

4. Further study of nonclassical effector mechanisms of xenograft rejection is 
needed. Attention should be directed to defining the effector cell populations 
involved, the target antigens recognized (perhaps glycoproteins and/or aGal), 
and the mechanisms of effector cell activation (perhaps deinhibition by lack of 
human class I molecule expression). 

5. While xenogeneic responses have been examined extensively in vitro, there 
remains a paucity of information regarding the induction and effector phases 
of xenograft rejection in vivo. Studies should be designed to elucidate further 
the in vivo rejection process. 

6. Finally, while much effort has been directed towards characterizing the human 
anti-pig response, it may be worthwhile to examine human responses to other 
potential donor species in the hope of finding an alternative species stimulat- 
ing weaker cell-mediated immune responses than those observed against the 

pig- 
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13 Human T Cell Response to Porcine Tissues 

M.L. Rose 



Introduction 

The human cellular response to alloantigens is exceedingly strong, both in terms 
of the numbers of T cells recognizing foreign alloantigens and the cytokine pro- 
file of activated T cells. Before describing the human response to porcine antigens 
it is necessary to understand two recent concepts which have advanced our 
understanding of the vigour of the host anti-allograft response. The first is the 
significance of direct presentation; the second is the molecular requirements 
for cells to cause direct stimulation of allogeneic T cells. 



Direct and Indirect Antigen Presentation 

In recent years there has been a growing interest in the relative role of direct and 
indirect antigen presentation as mechanisms of causing allograft rejection. Direct 
antigen presentation or allo-restricted recognition is a molecular cross-reaction. 
Host T cells, educated to recognize complexes formed between self peptides and 
self-allelic forms of major histocompatibility complex (MHC) molecules, cross- 
react with complexes of nonself (or self) peptides and allogeneic forms of 
MHC which are expressed on cells of the foreign graft. This cross-reaction 
leads to the situation whereby a large proportion of T cells in a nonimmunized 
host (1/500) recognize foreign allogeneic MHC molecules. Indirect presentation 
or self-restricted presentation is when foreign or graft-derived peptides are pro- 
cessed by host antigen-presenting cells (APC) and presented to T cells within self 
MHC molecules. In this case, recognition within a non-immunized host is by 
relatively small numbers (1/100 000-1/10^) of peptide-specific T cells. The propor- 
tion of T cells recognizing antigens derived from an allograft in this case will be 
similar to the number recognizing other foreign peptides. 

It is usually assumed that the rapid nature of cell-mediated allograft rejection 
is a result of direct presentation of allo-MHC molecules. There is increasing 
experimental evidence that indirect presentation of allo-MHC molecules also 
leads to allograft rejection [1], albeit at a slower tempo. Crossing the species bar- 
rier by presenting xenoantigens to human T cells should not hinder indirect pre- 
sentation. There seems no reason why human T cells should not recognize pep- 
tides derived from pig or mice, provided they are presented complexed to self 
MHC on the surface of host APC. However, such a response would not be 
expected to lead to the vigorous cellular rejection commonly encountered in non- 
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immunosuppressed recipients of allografted organs. The interesting question to 
those wishing to predict the nature of the cellular response following engraft- 
ment of pig tissues into man is whether human T cells directly recognize pig 
MHC molecules. 



Human Endothelial Cells as Antigen-Presenting Cells 

Expression of allogeneic molecules is not sufficient to activate T cells. It is now 
known that the signals provided by interaction between peptide-MHC complex 
and the antigen-specific T cell receptor are too weak to initiate interleukin 
(IL)-2 synthesis by T cells. Dendritic cells and cells of the monocyte/macrophage 
series are potent stimulators of allogeneic T cells, but fibroblasts, epithelial cells 
and smooth muscle cells, despite expressing MHC molecules, do not stimulate 
allostimulation [2]. Full activation of resting T cells requires costimulatory mole- 
cules as well as MHC expression. Examples of costimulatory molecules present 
on APC are B7.1 and B7.2, which signal through T cell CD28, and lymphocyte 
function-associated antigen (LFA)-3 (CD58) and CD59, which signal through T 
cell CD2. 

Although dendritic cells historically have been considered to be the most 
important cell initiating allograft rejection [3], more recently attention has 
focused on the endothelial cells as performing a similar role (for a review, see 
[2]). The reason for this is that in humans (and pigs) microvascular endothelial 
cells constitutively express MHC class II antigens [4, 5]. This is unlike rodents, 
where the only MHC class Il-positive cells in hearts or kidneys are dendritic 
cells. It has been shown by a number of groups that cultured human umbilical 
vein endothelial cells (HUVEC), once induced to express MHC class II by inter- 
feron (IFN)-y, cause allostimulation of resting CD4"^ T cells [6], and one of the 
costimulatory molecules is LFA-3 [6]. Thus human endothelial cells, unlike 
other stromal cells, can act as APC and cause direct presentation of alloantigens 
to resting T cells. 

This information, plus the observation that endothelial cells are the first cells 
to be seen by the immune system, has focused attention on whether porcine 
endothelial cells can act as APC for human T cells. In particular, it has focused 
attention on whether porcine endothelial cells are directly recognized by human 
T cells (i.e., without participation of human APC) and whether porcine endothe- 
lial cells have the necessary costimulatory molecules to cause full activation of T 
cells. 



Expression of Major Histocompatibility Complex and Accessory Molecules 
on Porcine Endothelial Cells 

Early work from Sachs’ laboratory [5] , using monclonal antibodies (mAbs) 
raised against murine class II and immunocytochemistry on frozen sections, 
showed in situ staining of SLA class II antigens on endothelial cells from renal 
and aortic tissue from miniature swine. More recently, we have confirmed the 
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Table 1. Expression of major histocompatibility complex (MHC) molecules and B7 receptors on 
porcine endothelial cells: effect of treatment with species-specific interferon (IFN)-x 



mAb 


in) 


Specificity 


PAEC untreated 
(% positive) {n) 


PAEC -l-rpoIFN-x 
(% positive) 


Control 


11 


No first antibody 


1.1± 0.8 


13 


1.1± 0.8 


PT85A 


11 


SLA class 1 


99.4+ 0.9 


13 


98.6± 3.1 


L243 


4 


HLA-DR 


2.1± 1.3 


4 


1.3± 1.3 


L227 


3 


Common determinants HLA class 11 


14.1±10.8 


4 


67.0±56.9 


DA6.231 


11 


Common determinants HLA class II 


29.2±21.0 


12 


95.8±10.0 


MSA-3 


7 


SLA-DR 


18.7±16.2 


8 


96.9± 0.9 


TH16B 


11 


SLA-DwQ 


28.0±25.1 


12 


98.5± 2.2 


mCTLA-4-Ig 


9 


Mouse/human B7 


2.3± 1.5 


9 


31.5±19.0 


MAC323 


3 


Pig CD45 


1.1+ 0.6 


4 


0.7± 0.2 



From [7]. 

PAEC, pig aortic endothelial cells; mAb, monoclonal antibody. 



constitutive expression of SLA class II on the microvasculature of pig heart and 
the microvascular and luminal endothelial cells of pig aorta [7], using a variety of 
mAbs raised against human or swine MHC class II antigens. Thus mAbs DA6.231 
(HLA-DR|3), L227 (common determinant HLA class II), TH16B (SLA-DQ), and 
MSA3 (SLA-DR) all stain porcine cardiac endothelial cells [7]. 

Flow cytometric analysis of cultured and passaged pig aortic endothelial cells 
(PAEC) reveals that, in our hands, variable numbers of PAEC constitutively 
express SLA class II molecules (Tablet). In some cases substantial numbers of 
PAEC expressed class II; thus DA6.231 detected between 4 % and 49% positive 
cells from 12 preparations; mAbs against porcine determinants (MS A3, Thi6) 
also stained substantial numbers of PAEC (18.7% ± 16.2% and 28% ± 25.1%, 
respectively) . The constitutive expression of SLA class II on frozen sections of 
pig aorta and the persistence of expression on variable numbers of cells after sev- 
eral weeks in culture contrasts with the absence of MHC class II expression on 
HUVEC, detected in situ [8] or in culture. This species difference in constitutive 
expression of class II probably accounts for the differences in ability to stimulate 
resting T cells (see below). Basal expression of SLA class II on passaged PAEC has 
not been found by all workers [9, 10]. The differences are presumably accounted 
for by the source of pig (ours are outbred) or possibly culture conditions. 



Effect of Cytokines on Expression of Major Histocompatibility Complex, 
Accessory, and Adhesion Molecules 

In the allograft it is known that amplification of the cellular response (i.e., 
maturation of effector cells, migration of effector cells into the graft) depends 
on local release of inflammatory cytokines - tumor necrosis factor (TNF)-a, 
IL-i(3, IL-4, IFNy - and their effect on the local endothelium. As part of our 
understanding of the human cellular response to xenografted pig tissue, it is 
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necessary to know whether human cytokines can promote inflammatory changes 
in pig endothelial cells. We have tested the effect of human TNF-a, IL-iP, IL-4, 
and IFN-y on expression of MHC, accessory and adhesion molecules by porcine 
endothelial cells and used a porcine recombinant IFN-y as a positive control. 

HUVEC, which are constitutively negative for MHC class II antigens, can be 
induced to express class II by treatment with recombinant human IFN-y 
(rhIFN-y) . It can be seen from Table 1 that porcine IFN-y induces SLA class II 
molecules on PAEC; thus the numbers of cells staining with L227, DA6.231, 
MSA-3, and TH16B increased considerably (>95 % positive) after 5 days of treat- 
ment with rpoIFN-y. Similar results were reported by Watier et al. [11]. In con- 



DA6.231 MSA-3 TH16B TH81A5 L243 




rpoIFNy 



rhIFNy 



rhTNFa 



rhIL-l(3 



rhIL-4 



Cytokine treatment (days) 



Fig. 1 . Pig aortic endothelial cells (PAEC) were incubated with different cytokines - rpo interferon 
(IFN)-y, rhIFNy, rh tumor necrosis factor (TNF)-a, rh interleukin (JL)-iP, rhIL-4 - for 0-6 days 
and samples removed at 24-h intervals for flow cytometric analysis. The results are expressed as 
mean fluorescence intensity (MFI, arbitrary units) . The monoclonal antibodies (mAb) used to 
detect class II were: DA6.231 (anti-DRP), MSA-3 (anti-SLA-DR), TH16B (anti-SLA-DQ), TH81A5 
(anti-SLA-DQ), and L243 (anti-DRa). Black circles^ negative control; white circles^ antibody. 
Representative of three experiments. (From [12], with permission) 
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trast, and also reported by Watier et al. [ii], human recombinant IFNy had no 
effect (data not shown). In further experiments, a time-course experiment com- 
pared the abilities of rpoIFN-y, rhIFN-y, and human recombinant TNF-a, IL-iP, 
and IL-4 to upregulate MHC class II expression on PAEC (Fig. i). In this particu- 
lar experiment, increase in intensity of expression of class II was investigated. 
The only cytokines able to induce/upregulate class II expression were rpoIFN-y 
and rhTNF-a. Further experiments showed that rhTNF-a also increases numbers 
of class Il-positive cells [12]. The surprising ability of human TNF-a to increase 
class II expression confirms the earlier observation of Watier et al. [11]. In 
humans, only IFN-y is able to induce class II expression [13]. That this effect 
is truly mediated via TNF, and not a contaminant, was proven by the observation 
that the effect of TNF was inhibited by anti-TNF antibody [12]. 

Important accessory molecules, at least for dendritic cell stimulation of an 
alloreaction, are B7.1 and B7.2 [14]. These molecules interact with T cell CD28 
or CLTA-4. In order to asses whether porcine endothelial cells express By mole- 
cules, PAEC were cultured with fluorosceinated CTLA-4-Ig, a fusion protein with 
very high affinity for B7 [7, 12]. It can be seen from Table 1 that resting PAEC 
bind small but significant quantities of CTLA-4-Ig, and this value is significantly 
increased by rpoIFN treatment. We have also found that human TNF-a, but not 
human IFN-y, IL-iP or IL-4, significantly increases binding of CTLA-4-Ig to 
PAEC [12] (Fig. 2). 



Fig. 2. Pig aortic endothelial 
cells (PAEC) were either 
untreated or treated with 
rpo interferon (JFN)-y, 
rhIFN-y, rh tumor necrosis 
factor (TNF)-a, rh inter- 
leukin (IL)-ip, and rhIL-4 
for 0-6 days, and flow 
cytometric analysis was 
used to assess the percen- 
tage of cells binding CTLA- 
4-Ig {black circles) or con- 
trol Ig {white circles). Black 
triangles, negative control. 
Representative of three 
experiments. (From [12], 
with permission) 




Cytokine treatment (days) 
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100 



rpoIFNy 




Cytokine treatment (hours) 

Fig. 3. Comparison of vascular cell adhesion molecule (VCAM)-i {black circles) and E selectin 
{white circles) expression on pig aortic endothelial cells (PAEC, left) and human umbilical 
vein endothelial cells (HUVEC, right) in response to stimulation by human cytokines. PAEC 
and HUVEC were either untreated or treated with rpo interferon {IFN)-yy rh tumor necrosis fac- 
tor {TNF)~ay rh interleukin (JL)-iP, and rhIL-4 over a period of 24b; samples were taken at 2-h 
intervals up to 8h, and at 24 h. Flow cytometric analysis was carried out, and the results are 
expressed as the percentage of positive cells binding monoclonal antibody (mAb). The mAbs 
used were: 8.1F8 (anti-porcine VCAM-i), 1.4C3 (anti-human VCAM-i), and 1.2B6 (anti-porcine/ 
human E selectin). Representative of three experiments. (From [12], with permission) 



Expression of endothelial leukocyte adhesion molecule (ELAM)-i and vascular 
cell adhesion molecule (VCAM)-i is essential for adhesion of neutrophils and 
mononuclear cells to endothelial cells, respectively. These antigens are not con- 
stitutively expressed on human endothelial cells but are unregulated by TNF-a, 
IL-iP (in the case of ELAM-i) and TNF-a, IL-iP, and IL-4 (in the case of 
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VCAM-i; Fig. 3). The only human cytokine found to upregulate porcine ELAM-i 
and VCAM-i was again TNF-a [12] (Fig. 3). 

The consistent finding of our studies has been that rhuTNF-a, but not human 
IL-ip, IL-4, or IFN-y, cause upregulation of SLA class I and class II molecules, 
upregulation of By receptors, and induction of VCAM-i and ELAM-i. It appears, 
therefore, that PAEC do not have receptors for human cytokines IFN-y, IL-ip, 
and IL-4, and that TNF-a is likely to be the most important inflammatory cyto- 
kine in relation to a xenograft. The cross-reactivity of human TNF with porcine 
tissues is not surprising; comparison of nucleotide sequences of the human and 
porcine gene show 85% sequence homology [15], and a number of studies have 
shown effects of rhTNF-a on pig vasculature after infusion in vivo [16] and on 
porcine smooth muscle cells in vitro [17]. Transfection experiments [18] have 
shown that p55 is the active component of the TNF receptor on PAEC. 

There are good reasons to believe that upregulation of these molecules has 
functional consequences. Tsang et al. [19] have shown 71 % nucleotide homology 
between porcine and human E selectin, and that a porcine E selectin immunoglo- 
bulin chimeric molecule binds to both porcine and human neutrophils. Similarly, 
the porcine VCAM-i molecule identified using mAb 8.1F8 (Fig. 3) has been shown 
to have 77% homology with human VCAM-i [20]. Mueller et al. [21] have shown 
that porcine VCAM -1 is a ligand for human VLA-4 found on human monocytes 
and lymphocytes. 



T Cell Response to Porcine Endothelium 

As explained above, it is to be expected that porcine xenoantigens can be recog- 
nized indirectlyy i.e., when presented in recipient APC to recipient T cells. It is 
therefore not surprising that coculture of human peripheral blood mononuclear 
cells (PBMC), a mixture of lymphocytes and monocytes, and porcine endothe- 
lium results in proliferation of PBMC [7, 22]. Much more important is whether 
highly purified T lymphocytes, in the absence of recipient monocytes, proliferate 
in response to porcine endothelial cells. In this laboratory, we have stringently 
purified human € 04 "^ and CD8'^ T cells using positive selection on antibody- 
coated magnetic beads [7]; residual DR"^ cells are then removed by comple- 
ment-mediated cytolysis using anti-DR antibody. The cells are shown to be 
free of contaminating monocytes by flow cytometry and by the absence of pro- 
liferation to the monocyte-dependent mitogen phytohemagglutinin. For compar- 
ison with human endothelial cells, our laboratory has used the human endothe- 
lial cell line Eahy.926. 

Human PBMC, CD 4 '^, and CD8'^ T cells were cocultured with untreated and 
species-specific IFN-y-treated PAEC or human endothelial cells for 3-8 days. T 
cell proliferation was assessed every day by uptake of [^H] thymidine [7] 
(Fig. 4). The endothelial cells had been pretreated with mitomycin C to prevent 
them proliferating in vitro. It can be seen that, as expected, PBMC proliferated 
in response to both treated and untreated endothelial cells. Interestingly, CD 4 ^ 
T cells gave a strong proliferative response to PAEC regardless of whether they 
had been pretreated with rpoIFN-y. In contrast , but as previously reported 
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Fig. 4. Proliferative response of peripheral blood mononuclear cell (PBMC, triangles)^ 004“^ T cells 
{circles)^ and CDS"^ T cells (squares) to untreated (open symbols) and rpo interferon (IFN)-Y-trea- 
ted (closed symbols) xenogeneic pig aortic endothelial cells (PAEC, left) and untreated (open sym- 
bols) and rhuIFNy-treated (closed symbols) allogeneic EAhy.926 (right). Background proliferation 
of stimulators alone (diamonds) is shown on each graph. Proliferation of responders alone never 
exceeded 600 cpm. Responders at 2X10^ cells/well, and all stimulators at 5X10"^ cells/well. Prolif- 
eration was measured by uptake of [^H] thymidine on days 3-8 after initiation of culture. Results 
are expressed as mean cpm of triplicate wells ± standard deviation. Representative of five 
experiments. (From [7], with permission) 
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[6], CD 4 ^ T cells only proliferate to rhuIFN-y-treated endothelial cells. CDS"^ T 
cells also proliferated in response to untreated and IFN-y-treated PAEC. 

That the strong response of CD 4 '^ T cells to untreated PAEC was due to con- 
stitutive expression of SLA class II antigens was supported by experiments which 
showed proliferation to untreated (and rpoIFN-y-treated) PAEC was significantly 
inhibited by mAbs DA6.231, Thi6B, and MSA3, all of which bind to pig SLA class 
II molcules [7] (Fig. 5). In contrast, L243 (specific for HLA-DR) , which fails to 
bind to PAEC, did not inhibit human T cell proliferation to PAEC. Rollins et 
al. [22] also demonstrated that highly-purified CD 4 and CDS"^ T cells proliferated 
to untreated PAEC, and that the CDS'^ T cell response was inhibited by mAbs to 
MHC class I antigens. This is in contrast to Murray et al. [6], who required treat- 
ment of PAEC with species-specific IFN-y to cause proliferation. That the CD 4 '^ T 
cell proliferation was inhibited by anti-SLA class II [7, 10] supports the concept of 
direct recognition of SLA class II by human T cells. There is also evidence of 
indirect recognition. Valee et al. [9], using PAEC which do not constitutively 
express class II reported a strong proliferative response by PBMC, which is 
reduced when monocytes are removed. The proliferative response of T cells to 
PAEC is accompanied by massive secretion of IL-2 [7, 10]. Interestingly , the 
levels secreted are approximately ten times more than elicited by human 
endothelial cells. 



Secondary Signals 

An important difference between the T cell response to porcine and human 
endothelial cells is the dependence of the costimulatory molecules CD 28 /CTLA- 
4. Despite being an essential molecule for the allogeneic mixed lymphocyte 
response [14], human endothelial cell have no known B7 receptors [10, 23]. It 
was therefore surprising to discover that CTLA-4-Ig does inhibit, significantly 
but partially, the proliferative response of CD4+T cells to PAEC [7] (Fig. 6). How- 
ever, this is consistent with the results showing expression of B7 or B7-like recep- 
tors on untreated and IFN-treated PAEC [7, 10]. Restifo et al. (24) have also con- 
cluded that human T cells react with xenogeneic B7 receptors, and showed the 
response of human T cells to porcine PBL was inhibited by CTLA-4-Ig. That 
the proliferative response and IL-2 production are only partially inhibited by 
high concentrations of CTLA-4-Ig [12] suggests that other secondary signals 
must be involved. Inhibitory studies using antibodies against CD 2 and LFA -1 
[10, 22] show these to be important secondary interactions. 



Response of Human T Cells to Porcine Monocytes/Macrophages 

The classical mixed lymphocyte response, whereby PBMC from one individual 
are mixed with PBMC or splenocytes from another individual, has been repro- 
duced using human PBMC mixed with porcine PBMC or splenocytes [25-30]. 
All agree that there is a vigorous human anti-pig proliferative response, which 
is inhibited by mAbs against porcine DR and DQ antigens [25, 26], the kinetics 
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Fig. 5 . Proliferative response of CD4'^ T cells to A human spleen, B pig spleen, C untreated pig 
aortic endothelial cells (PARC), D rpo interferon (IFN)-y-treated PARC, and R rhuIFNy-treated 
human umbilical vein endothelial cells (HUVRC). Human and pig splenocytes were plated at 
lo^ cells/well, endothelial cells at 5X10"^ cells/well. Responder cells were added at 2X10^ cells/ 
well. Proliferation measured at day 6 by uptake of [^H] thymidine. Wells either contained no 
monoclonal antibody (mAb) during this culture period or were cultured in the presence of 
DA6.231 (at 1:300 and 1:150), TH16B (final concentration, 2pg/ml), MSA3 (final concentration, 
2)j.g/ml), or L243 (at 1:50). Counts from experimental triplicate wells are expressed as a percen- 
tage ± standard deviation of those found in control (no mAb) triplicate wells. Representative of 
three experiments . <0.001, '^’^p^o.oi, ’^p<0.05. (From [7], with permission 
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and strength of the response being similar to the allogeneic MLR [28]. The rela- 
tive contribution of direct and indirect pathways has been assessed by depleting 
responder and/or stimulator populations of APC [26, 30, 31]; Yamada [26] found 
that if APC were depleted from both responder and stimulator, there was no 
response. APC in the stimulator alone caused direct recognition, whereas APC 
in the responder alone allowed indirect recognition. Herlinger and Plaess [30, 
31] also concluded that both pathways allowed responsiveness of human T cells 
to porcine xenoantigens. 
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Dorling and colleagues [32-34] have used porcine alveolar dendritic cells as a 
method of assessing the relative contributions of direct and indirect recognition 
to T cell responsiveness. They found that freshly prepared alveolar cells (expres- 
sing low levels of SLA antigens and no By receptors) are unable to directly sti- 
mulate purified T cells, but in the presence of responder APC, 1/24000-1/ 
150 000 T cells recognize processed xenoantigens. In contrast, when the cells 
are allowed to mature overnight, they upregulate SLA class I and class II anti- 
gens, become positive for CTLA-4-Ig, and now produce vigorous proliferation 
of purified T cells , with a high frequency of 1/3500-1/13 000 T cells directly 
recognizing SLA-DR antigens. It is likely that this response is dependent on By 
receptors. 

As with porcine endothelial cells, a number of different molecules on human T 
cells (CD2, ICAM-i , and CD28) appear to interact with their respective ligands 
on porcine APC (LFA-i, LFA-3, By receptors) to give the secondary signal neces- 
sary for proliferation [24, 27, 30]. As yet , there is no discrimination between dif- 
ferent molecules controlling direct and indirect recognition. The human anti-pig 
mixed leukocyte response results in cytokine release including IL-2 [29, 31], II-4 
and IFN-y [29] in similar quantities to that produced from allostimulation. 



Cytotoxicity 

Coculture of human PEL with porcine PEL or splenocytes results in production 
of primed cytotoxic T cells which can lyse 51 Cr-labeled porcine target cells [35, 
36]. However, unprimed PEL also lyse porcine PEL [25, 35], and this has been 
shown to be due to NK activity. 



Comment 

Human T cells recognize porcine xenoantigens present on endothelial cells and 
dendritic cells, resulting in vigorous cell proliferation and secretion of cytokines. 
Recognition occurs through direct and indirect pathways. Thus, when SLA class 
II is constitutively present on endothelial cells, direct recognition of these anti- 
gens occurs. Alternatively, porcine endothelial antigens can be processed and 
presented indirectly by autologous human monocytes . There is evidence for 
cross-species reactivity between some human cytokines (in particular TNF-a) 
and ligands (human CD28) for receptors on pig cells. It is likely that transplanta- 
tion of vascularized porcine grafts into humans will result in a vigorous T cell 
response, equivalent in vigour to allogeneic graft rejection. 
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Introduction 

The advent of effective strategies to eliminate the hyperacute rejection of porcine 
organs has placed greater focus on the human anti-porcine cellular interactions 
that may contribute to discordant xenograft rejection. A better understanding 
of these issues will facilitate the development and implementation of therapeutic 
approaches to achieve long-term xenograft survival. 



Adhesion Molecules and the Acute Inflammatory Response 

The molecular interactions that occur between donor organ vascular endothelium 
and circulating recipient leukocytes are key to the initiation of acute cellular 
graft rejection. In the allotransplant setting, the adhesion molecules expressed 
by vascular endothelium are well characterized and have provided valuable 
insight for the identification of homologous molecules on porcine endothelium. 
Leukocyte adhesion to allograft vascular endothelium is mediated by several 
adhesion molecules including E selectin, P selectin, vascular adhesion molecule 
(VCAM)-i, intercellular adhesion molecule (ICAM)-i, and CD58 [1, 2]. A three- 
step model of leukocyte adhesion to endothelium in vivo has been proposed 
(for a review, see [2]). The initial binding event involves interactions between 
endothelial cell selectins (E selectin and P selectin) and their ligands on leuko- 
cytes. These interactions allow leukocytes to roll on the endothelium, but do 
not support firm adhesion. The second step involves the activation of rolling leu- 
kocytes by chemokines or cell surface proteins such as CD31. Finally, stable leu- 
kocyte adhesion to endothelium is mediated by interactions between leukocyte 
lymphocyte function-associated antigen (LFA)-i, very late activation antigen 
(VLA)-4 and their respective ligands, ICAM-i and VCAM-i, on vascular endothe- 
lium. 

The importance of these adhesive interactions in the cellular rejection of allo- 
transplants has been demonstrated in vivo (for a review, see [2]). For example, treat- 
ment of recipients with a combination of blocking monoclonal antibodies to LFA-i 
and ICAM-i leads to long-term survival of mouse heart allografts as well as toler- 
ance induction [3]. Similar results have been achieved using functionally blocking 
antibodies against VCAM-i [4]. Additionally, clinical trials with human allogeneic 
kidney grafts suggest that monoclonal antibodies directed against the adhesion 
pair LFA-i/ICAM-i may significantly attenuate cellular allograft rejection [5]. 
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Recent experiments exploring potential pig-to-human xenotransplantation 
suggest that many of the receptor-ligand interactions between leukocytes and 
endothelial cells that mediate cellular allograft rejection may also play a key 
role in cellular xenograft rejection. These studies demonstrate that porcine 
homologues of human endothelial cell adhesion molecules retain the capacity 
to bind to human leukocytes, and therefore may account for the significant leu- 
kocyte infiltrates that are observed during the earliest stages of hyperacute and 
acute xenograft rejection. 

The first study to examine the adhesive interactions between human leuko- 
cytes and porcine endothelial cells revealed that activation of human complement 
on the surface of porcine aortic endothelial cells (PAEC) resulted in the deposi- 
tion of iC3b, which mediates adhesion via interaction with the human leukocyte 
antigen CDiib/CDi8 [6]. More recently, we have extended these studies to exam- 
ine the relative contribution of early (iC3b) and late (C5b-9) complement compo- 
nent deposition to leukocyte adhesion [7]. These studies revealed that activation 
of human complement on the surface of PAEC rapidly (15-30 min) induced 
human neutrophil adhesion. This binding was, in part, mediated by surface- 
bound C3b; however, 50% of the binding was found to be C5b-9 dependent. 
Additionally, C5b-9-dependent adhesion was blocked by the treatment of neutro- 
phils with sialidase, suggesting that human C5b-9 deposition results in the 
expression of a P selectin homologue on the PAEC surface. 



P Selectin 

P selectin is an inducible endothelial cell surface glycoprotein that mediates the 
adhesion of neutrophils, monocytes, eosinophils, natural killer (NK) cells, and a 
subset of T cells to activated endothelium [8]. Structurally, P selectin belongs to a 
family of adhesion molecules termed “selectins” that also includes E selectin and 
L selectin [8]. These molecules are characterized by common structural features, 
such as an NH2 terminal lectin-like domain, an epidermal growth factor (EGF) 
domain, and a discreet number of complement repeat modules (approximately 
60 amino acids each) similar to those found in certain complement-binding pro- 
teins. Surface expression of P selectin is induced on human endothelium in 
response to histamine, thrombin, and the terminal complement proteins, C5b-9 
[8]. Recently, the human leukocyte receptor for human P selectin has been iden- 
tified and found to contain sialic acid (sialyl Lewis^ and sialyl Lewis^) as a 
necessary component for interaction with the P selectin protein [9]. 

There are several lines of evidence that point to P selectin as a likely contri- 
butor to leukocyte adhesion during hyperacute xenograft rejection. First, in vivo 
models of lung inflammation have demonstrated that intravascular complement 
activation leads to rapid expression of P selectin on platelets and endothelium 
and that blockade of P selectin-mediated adhesion decreases neutrophil binding 
and pulmonary damage [10]. Second, xenogeneic organs transplanted into C6- 
deficient recipients are not hyperacutely rejected and leukocyte infiltration is sig- 
nificantly delayed, suggesting that the inability to generate C5b-9 in this setting 
prevents the rapid upregulation of P selectin and therefore leukocyte adhesion 
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[ii]. Finally, in vivo studies in a discordant rodent xenotransplant model have 
shown that, within minutes of revascularization, P selectin is expressed on 
donor organ vascular endothelium in concert with activated complement compo- 
nents [12]. 

In order to functionally characterize the porcine P selectin homologue, the 
full-length porcine P selectin cDNA was isolated [7]. The molecule contained 
an open reading frame encoding 646 amino acids with 81% identity to human 
P selectin. Transfection of COS cells with the porcine P selectin cDNA resulted 
in surface expression of the protein and markedly increased the binding of 
human neutrophils to these cells. As was demonstrated for the Csb-p-dependent 
binding of PARC, the binding of both purified soluble and COS-expressed por- 
cine P selectin to human neutrophils was blocked by edetic acid (EDTA) or treat- 
ment of human leukocytes with sialidase. Finally, treatment of PAEC with whole 
human serum, but not C8-deficient human serum, resulted in the rapid expres- 
sion of porcine P selectin on the cell surface. Taken together, these data show that 
porcine P selectin mediates the binding of human neutrophils to PAEC in vitro. 
Further, these data suggest that deposition of Csb-9 during hyperacute rejection 
results in the expression of porcine P selectin which may, in addition to iC3b, 
contribute to the rapid adhesion of neutrophils to porcine xenografts. 



E Selectin 

In addition to P selectin, a second selectin, E selectin, may also play a role in 
xenograft rejection. E selectin is a cytokine-inducible endothelial cell surface gly- 
coprotein that mediates the adhesion of neutrophils, monocytes, eosinophils, NK 
cells, and a subset of T cells to activated endothelium [13]. The expression of E 
selectin is induced on human endothelium in response to interleukin (IL)-i, 
tumor necrosis factor (TNF)-a, or bacterial lipopolysaccharide (EPS) through 
transcriptional upregulation [14]. Recently, the human leukocyte receptor for 
human E selectin has also been identified [15]. As was demonstrated for P selec- 
tin, these studies revealed that this receptor contained sialic acid (sialyl Lewis^, 
and sialyl Lewis^) as a necessary component for interaction with the E selectin 
protein. In addition, E selectin expression is selectively upregulated on the vas- 
cular endothelium of renal and cardiac tissue during acute rejection [16]. E selec- 
tin expression correlates with the early course of cellular rejection and corre- 
sponds to the migration of inflammatory cells into the graft tissue. Taken 
together, these studies provide evidence that cytokine-induced expression of E 
selectin on donor organ endothelium may contribute to the binding and subse- 
quent transmigration of inflammatory cells into the graft tissue, and thereby 
play an important role in acute cellular allograft rejection. 

In order to define whether E selectin may play a role in the human anti-por- 
cine cellular response, porcine E selectin was cloned and characterized [17]. Iso- 
lation of the porcine E selectin cDNA revealed an open reading frame encoding 
485 amino acids with 75 % identity to human E selectin. Northern blot analysis 
showed that untreated or human IL-i treated PAEC did not express detectable 
levels of porcine E selectin mRNA, while treatment of PAEC with human 
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TNF-a resulted in high levels of porcine E selectin mRNA. Expression of porcine 
E selectin on the surface of COS cells resulted in a tenfold increase in binding to 
human neutrophils. As was demonstrated for neutrophil-PAEC adhesion, pre- 
treatment of human neutrophils with sialidase or EDTA completely blocked adhe- 
sion to porcine E selectin-transfected COS cells, confirming that this interaction 
was divalent cation-dependent and that sialic acid is a necessary component of 
the porcine E selectin receptor on human leukocytes. Taken together, these 
data establish that porcine E selectin mediates adhesive interactions between 
PAEC and human leukocytes. Further, these experiments suggest that release of 
human TNF-a during the inflammatory response to porcine xenografts may pro- 
mote cellular interactions that contribute to xenograft rejection. 



Vascular Cell Adhesion Molecule 

In addition to the porcine selectins, we have cloned and functionally character- 
ized the porcine homologue of vascular cell adhesion molecule or VCAM [i8]. 
VCAM is a cytokine-inducible adhesion molecule that is predominantly 
expressed on endothelial cells [19]. VCAM interacts with VLA-4, a P^-integrin 
found on all peripheral blood leukocytes except neutrophils [20]. Under normal 
conditions, VCAM expression is minimal or absent and can be induced by cyto- 
kines such as TNF-a or IL-i [19]. Thus VCAM plays a role in the adhesion of leu- 
kocytes to endothelium during inflammatory responses. 

The role of VCAM in allograft rejection is well established. In murine cardiac 
allograft models, functionally blocking antibodies against VCAM have signifi- 
cantly attenuated the cellular immune response resulting in prolonged graft sur- 
vival [4]. To determine whether porcine VCAM retains the capacity to bind to 
VLA-4 on human leukocytes, porcine VCAM was functionally characterized 
[18]. Both soluble and surface-expressed forms of recombinant porcine VCAM 
were capable of binding to VLA-4 on human lymphoid cells. Moreover, function- 
ally blocking monoclonal antibodies (mAbs) raised against the recombinant por- 
cine molecule were able to block the adhesion of human lymphoid cells to cyto- 
kine-activated porcine endothelial cells. These data suggest that porcine VCAM 
retains the capacity to interact with human VLA-4 and therefore could play a 
role in the human anti-porcine cellular immune response. 

In summary, we have identified and characterized three porcine endothelial 
cell adhesion molecules (P and E selectin, VCAM) that retain the capacity to 
interact with their respective ligands on human leukocytes. Our data, when 
viewed in light of the role of these molecules in allograft rejection, suggest 
that these molecules could play a critical role in the initial attachment, adhesion 
and transmigration of leukocytes into a porcine xenograft, and therefore repre- 
sent attractive targets for therapeutic intervention. 
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Cellular Immunity in Xenotransplantation 

Strength of the Cellular Response 

Consideration of the various components of a cellular immune response initially 
led to the speculation that xenogeneic cellular reactivity would prove to be sub- 
stantially weaker than corresponding allogeneic responses [21]. First, the strength 
of a primary alloreactive response is thought to directly reflect the fact that the T 
cell receptor repertoire is selected to recognize syngeneic major histocompatibil- 
ity complex (MHC) molecules. Thus a population of receptors with intrinsic spe- 
cificity for intraspecies MHC molecules would consequently manifest less cross- 
reactivity with more distantly related xenogeneic MHC molecules, resulting in a 
lower precursor frequency of T cells specific for xenogeneic MHC. Second, in 
addition to T cell receptor engagement, activation of T lymphocytes requires 
appropriate costimulation via cell surface receptors such as CD4, CDS, CD28, 
CD2, and LFA-i. In this light, xenogeneic responses could be attenuated due to 
the inability of such costimulatory molecules to interact with their homologous 
ligands across the species barrier. Similarly, T cell responses are further enhanced 
and magnified following the elaboration by antigen-presenting cells (APCs) of 
various cytokines (e.g., IL-12). The failure of such soluble factors to signal T 
cells of a disparate species could further diminish the magnitude of the resulting 
cellular response. 

Studies examining the strength of xenogeneic cellular responses in a variety of T 
cell/APC species combinations have yielded mixed results, probably reflecting dif- 
ferential engagement of the various components required to elicit such responses 
[21]. It is clear, however, that for some species combinations, including the clini- 
cally relevant human anti-porcine response, primary cellular xenoreactivity is at 
least as potent as that observed for the corresponding alloreactive response. 

In vitro studies of the primary human anti-porcine xenogeneic immune 
response have suggested that, as for allografts, acute cellular rejection of porcine 
xenografts will be mediated predominantly by MHC-specific T lymphocytes. 
Results from several groups of investigators have clearly demonstrated potent 
xenogeneic mixed lymphocyte responses (MLRs) when human T cells are cul- 
tured in the presence of porcine APC populations - either endothelial cells or 
peripheral blood APCs [22-26]. Analysis of the human anti-porcine mixed lym- 
phocyte reaction has been performed using pig peripheral blood APCs, purified 
dendritic cell populations, or endothelial cells as a source of stimulator cells. 
Such studies have uniformly demonstrated that human T cells, both CD4 and 
CDS subsets, can be directly activated by porcine APCs [23-25]. Detailed exam- 
ination of the components of this response have shown remarkable preservation 
of virtually all intercellular molecular interactions across the species barrier. 
Thus, evidence has shown that human CD4, CDS, CD2, LFA-i, VLA-4, and 
CD2S all functionally engage porcine ligands; in turn, blockade of these pathways 
can inhibit human anti-porcine cellular interactions [22-26]. Similarly, human 
TNF appears competent to activate porcine endothelial cells, although human 
IL-i and interferon-y do not. 
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Pathways of the Cellular Response 

Following transplantation of any organ graft to a recipient, two distinct pathways 
of host cellular response may ensue. The first, or “direct”, pathway refers to the 
activation of responding host T cells following direct recognition of graft MHC 
and non-MHC antigens. This pathway has generally been considered to predomi- 
nate in the acute cellular rejection phase of an allograft. The second, or “indir- 
ect”, pathway is activated as a result of processing of donor graft-derived pep- 
tides (which may be of either MHC or non-MHC origin), which in turn are 
“re-presented” by MHC molecules on recipient APCs. Given the sheer number 
of potential peptide epitopes that may be derived from the numerous poly- 
morphic proteins expressed on a xenograft, it has been speculated that the indir- 
ect pathway would play a particularly important role in xenograft rejection. For 
example, the indirect pathway could still serve as the mode of in vivo xenograft 
rejection in those species combinations where molecular mismatches impair the 
direct activation of host T cells by donor APCs. 

A number of studies have illustrated the complexity of in vivo mechanisms of 
graft rejection, and shown that both pathways may play a role in mediating rejec- 
tion of both allografts and xenografts. For example, the rapid rejection of donor 
organs from MHC knockout mice transplanted into allogeneic recipients allowed 
Auchincloss and colleagues to conclude that the indirect pathway may play a sig- 
nificant role even in allograft rejection, and thus this pathway is not likely to 
represent a unique feature of cellular rejection of xenografts [21]. Nor, conversely, 
will the indirect pathway necessarily predominate in xenograft rejection. For 
example, Lenschow et al. [27] showed that rejection of xenogeneic islets by 
mice could be prevented by antibodies recognizing only donor B7 molecules, 
thus blocking only direct recognition of the islet graft by the recipient. 

Moreover, evidence has been reported that the direct pathway can lead to 
xenograft rejection even in species combinations where a direct xeno-MLR 
response in vitro is weak or absent [21]. For example, although murine anti-por- 
cine CD4'^ T cell-dependent MLRs are very weak in vitro, pig skin grafts are 
rapidly rejected by recipient mice in a CDq-dependent fashion, even in mice 
with no endogenous class II MHC expression, thus ruling out re-presentation 
of xenogeneic peptides on host MHC molecules as the mechanism of such in 
vivo rejection [21]. Thus, outcomes of in vivo transplant experiments cannot 
invariably be predicted from in vitro mixed lymphocyte reactions. 

Analyses of the human anti-porcine xenogeneic response suggest that both 
direct and indirect pathways of recognition will have a role in the patient’s cel- 
lular response to a pig organ. Studies with purified human T cell populations, 
including T cell clones, have clearly shown direct recognition of porcine class 
II and class I MHC molecules involving both T cell receptors and CD4 and 
CDS molecules, and activation of these cells by porcine APCs. Although some 
conflicting data have been reported, several groups have found that the precursor 
frequency of human anti-porcine T cells equals, or even exceeds that of a corre- 
sponding allogeneic MLR [23]. On the other hand, clear evidence for a primary 
role of the indirect pathway in the human anti-porcine MLR has also been inde- 
pendently obtained. In one recent study, comparison of the magnitude of the 




196 



S.A. Rollins and L.A. Matis 



human anti-porcine primary xeno MLR in the presence or absence (no indirect 
presentation) of class Il-bearing human APCs suggested that approximately 25 % 
of the primary human anti-porcine response was due to the indirect pathway 
[25]. Others have observed that a strong primary component of the indirect path- 
way in the human anti-porcine xeno MLR is seen in T cells from adult indivi- 
duals but not in peripheral T cells from umbilical cord blood [28]. This suggests 
that priming to pig antigens either directly or through cross-reactive determi- 
nants occurs throughout life, and would therefore be reflected in the cellular 
immune response to a porcine xenograft. The fact that the indirect response is 
mediated primarily by 004"^ T cells suggests one reason why they play such a 
prominent role in cellular xenograft rejection. 



Potential Immunosuppressive Mechanisms 

Similarities between various aspects of the human anti-pig xeno MLR and a 
human allogeneic MLR suggest that immunosuppressive mechanisms that have 
proven so successful in clinical allogeneic organ transplantation might have simi- 
lar utility in suppressing the acute cellular rejection of discordant xenografts. 
However, experience has repeatedly shown that extrapolation from preclinical 
in vitro analysis to the in vivo setting is often problematic. In fact, limited 
experience to date with organ transplant models across species barriers has indi- 
cated that prevention of cellular rejection with standard immunosuppressive 
modalities has proven to be difficult and may reflect more complex mechanisms 
than suggested by the experience with allografts [21]. For instance, there appears 
to be a uniquely critical role for the CD4 subset of T cells in xenograft rejection 
[21]. In addition, given the large number of polymorphic proteins expressed by a 
xenograft relative to an allograft, the induced humoral immune response may 
play an especially prominent role in xenograft rejection, requiring the implemen- 
tation of strategies to inhibit host B cell responses. Finally, transplants across dis- 
cordant species barriers may elicit an NK cell response to the graft, which is nor- 
mally not a component of allogeneic transplantation. NK cells have clearly been 
observed in tissue sections of rejecting discordant xenografts. The recent identi- 
fication of immunoglobulin-like receptors on human NK cells, whose class I 
MHC recognition on species homologous cells is required for appropriate 
down-regulation of NK function, offers the opportunity to rationally examine 
the potential activity of human NK cells in the setting of a porcine xenograft 
by testing whether such human NK receptors can recognize the appropriate 
homologous porcine class I MHC molecules [29]. 

Nevertheless, the xenograft setting also offers some unique therapeutic oppor- 
tunities for ameliorating host anti-graft cellular immunity. For example, we have 
developed monoclonal antibodies specific for porcine adhesion molecules that 
block the interaction of human leukocytes with porcine endothelial cells or 
monocytes [18]. Clinically, such antibodies could be used to prevent leukocyte 
migration into the graft as well as subsequent activation. Furthermore, because 
such antibodies would recognize ligands expressed only on cells within the 
graft and not on host tissue, they represent a potential therapeutic modality to 
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Specifically block anti-graft immunity without any impairment of the host’s 
immune response to other antigens. This would be a highly selective form of 
immunosuppression that is uniquely applicable to xenotransplantation. 



Comment 

Addressing the cellular components of the host response to a porcine xenograft 
will be critical for making xenotransplantation a clinical reality. With the antici- 
pated near-term availability of organs resistant to hyperacute rejection [30], it 
should soon be possible to examine these issues more definitively using appro- 
priate porcine-to-primate in vivo transplant models. 
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15 Immunoprivileged Sites for Allo- 
and Xenotransplantation 

J.H. Dinsmore 



Introduction 

The existence of sites in the body in which allogeneic or xenogeneic transplants 
survive for extended periods (sometimes indefinitely) have been recognized for 
many years and have been designated “immunologically privileged sites.” A 
list of privileged sites include the brain, the eye (anterior chamber and cornea), 
certain endocrine organs (prostate, adrenal cortex, testis, ovary) [i], the pregnant 
uterus [2], the thymus [3], hair follicles, and the hamster cheek pouch [1]. In par- 
ticular, the brain, anterior chamber of the eye, and testis have been shown to pro- 
vide a protective environment against immune attack for cells transplanted to 
these sites. 

The immune responses elicited by an allograft or xenograft are the result of a 
complex interaction between various antigens and antigen-presenting cells (APC) 
of the graft and subsets of host lymphocytes and host APC. The effector elements 
generated by the host immune system that mediate graft rejection are composed 
of various lymphocytes and/or antibodies, depending on the type of graft 
involved. The mechanisms underlying immune privilege have been the subject 
of numerous studies. From early studies, the idea emerged that antigens present 
in immunoprivileged locations were simply not seen by the immune system and 
were sequestered in some way [1]. This idea stemmed in part from the observa- 
tion that many of these sites (eye, brain, hamster cheek pouch) appeared to lack 
lymphatic drainage, thereby restricting proper efferent flow of antigens to the 
host immune system. While poor lymphatic drainage may account in part for 
the existence of immune privileged sites, there is clearly sufficent lymphatic drai- 
nage from all privileged sites to allow for host sensitization to occur. Thus, the 
mechanisms for the establishment and maintenance of immune privilege are 
multifaceted and will likely vary depending on the particular site. 

Recent data have emerged that highlight the supposition that multiple 
mechanisms provide immune protection at privileged sites. Specifically, the 
involvement of CD-95 oi* Fas and Fas ligand (FasL) in conferring immune privi- 
lege in the eye and testis has been revealed [4, 5]. For the purposes of this review, 
a brief listing and description of known immunoprivileged sites wil be given, fol- 
lowed by a more detailed discussion of what is known about the mechanisms for 
immune privilege in three sites: the brain, the eye, and the testis. 
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Immunoprivileged Sites: An Overview 

Hamster Cheek Pouch 

Syrian hamsters have paired, highly distensible cheek pouches that extend back 
beneath the skin of the shoulders and are lined by buccal mucous membrane. 
These pouches function in food storage and can be easily accessed in the 
anesthetized animal for implantation of tissue. The cheek pouch as such provides 
a hospitable environment for extended survival of allografts and in some cases 
xenografts. Presently, data indicate that the immune privilege exhibited within 
the cheek pouch is due to the absence or paucity of lymphatic vessels in this tis- 
sue as well as due to the lack of APC [6]. The lack of lymphatic drainage from 
the cheek pouch has been demonstrated by a number of measures, including a 
graft-versus-host (GVH) lymph node assay [7] that affords a sensitive means 
of determining which lymph nodes drain a particular tissue. When such a 
lymph node GVH assay was performed, there were no nodes detected in the vici- 
nity of the cheek pouch [8]. 



Endocrine Organs: Prostate and Adrenal Cortex 

The immune privileged status of the prostate has come under question [9, 10]. 
Originally, the prostate was thought to lack lymphatic drainage. However, 
detailed studies have shown that there are small lymphatics within the connective 
tissue lying between glandular elements [9]. Likewise, dye injected into the rat 
prostate did pass to draining lymph nodes, but more slowly than dye injected 
into other sites such as the bladder [8]. Finally, survival of allografts in the pros- 
tate was only marginally prolonged in comparison to survival of allografts placed 
in other sites [9]. These combined data cast doubt on whether the prostate is an 
immunoprivileged site. 

The adrenal gland is another endocrine tissue that has been shown to provide 
protection for transplanted tissues. Parathyroid tissues transplanted to the adre- 
nal cortex survive for extended times when compared to transplants placed in 
other peripheral sites [11, 12]. Local synthesis of immunosuppressive factors, 
such as corticosteroid hormones, may be responsible for the immunoprivilege 
observed in the adrenal cortex. Consistent with this hypothesis, corticosteroids 
have been shown to possess anti-inflammatory and immunosuppressive proper- 
ties [13]. 



Pregnant Uterus 

The embryo contains major histocompatibility complex (MHC) antigens derived 
from both maternal and paternal sources and, therefore, mechanisms exist to 
inhibit immunologic rejection of the fetus by the maternal immune system. 
The maternal immune system does recognize fetal alloantigens during pregnancy 
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as antibodies to paternal antigens are produced in the pregnant female. The 
immune protection afforded the fetus appears to be the result of local factors 
produced at the maternal-placental interface. Tissues transplanted to the non- 
pregnant uterus do not show prolonged survival [14], whereas tissues placed at 
the maternal fetal interface do show prolonged survival [2]. Release of cytokines, 
immune suppressive factors (e.g., transforming growth facto r-a, TGF-a), prosta- 
glandins, and the presence of high concentrations of glycosaminoglycans (GAGs) 
on placental tissues all appear to play a role in regulating the immune response 
in the pregnant uterus [2, 15]. 



Thymus 

Recently, the extended survival of allogeneic transplants to the thymus have been 
demonstrated [3]. When pancreatic islets were transplanted to the thymus of rats, 
islets survived long term and a state of systemic donor specific unresponsiveness 
was induced in the transplant recipient [3]. The long-term survival of islets in the 
thymus has been attributed to thymic deletion or suppression of islet reactive T 
cells. Further, studies have shown that intrathymic injection of islets into neona- 
tal BB rats results in the inhibition of autoimmune diabetes [16]. Although trans- 
plantation of cells to the thymus of rodents has been effective for protecting cells 
against rejection and for inducing tolerance, the applicability of this technique to 
larger animals is uncertain because the thymus of larger animals is involuted and 
difficult to find. 



Brain 

The brain has been shown to be an immunologically privileged site for the trans- 
plantation of many different tissues of both allogeneic and xenogeneic sources 
[17-25]. However, that privilege is not absolute. In general, allografts in the 
brain do not require immunosuppression for long-term survival whereas xeno- 
transplants do require some form of immunosuppression [22, 26]. The nature 
of the immunologic privilege within the brain is multifaceted, and it is the multi- 
dimensional aspects of immune privilege that make it an easier location to obtain 
long-term graft survival. 

Because any inappropriate immune response in the brain would be highly 
deleterious, multiple mechanisms to restrict immune responses in the brain 
exist. Components providing immune protection in the brain include the follow- 
ing: (a) the blood-brain barrier (BBB), (b) the lack of both MHC I and II expres- 
sion on brain cells, (c) the paucity of APCs, (d) the limited lymphatic flow to the 
brain, and (e) the presence of local factors, such as TGF-a capable of inhibiting T 
cells (for a review, see [18, 26]). The BBB restricts the access of both humoral 
(i.e., antibody and cytokine) and cellular immune responses [27]. Thus the 
BBB is an important component of immune privilege in the brain, and the rela- 
tive success of any grafting procedure will depend on whether or not the BBB is 
restored after engraftment [28-31]. As a rule, only neural tissue has the capacity 
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to form a proper BBB, and therefore, all other tissue types transplanted to the 
brain will be more susceptible to eventual rejection [29]. 

For optimal success with grafting to the brain, there are several factors which 
must be considered. The type of cell used for transplant will impact eventual sur- 
vival, although many different cell types have been successfully maintained after 
transplantation into the brain [17, 20, 29, 32, 33]. Whether cell suspensions or 
whole tissue pieces are transplanted is important [29, 34]. When intact tissue 
is transplanted, a hybrid vascular network is formed in the graft with vascular 
elements being derived from both the donor and recipient [29]. In this situation, 
foreign antigens on the donor vasculature act as targets for the host immune sys- 
tem, and additionally, the donor vasculature is exposed to harmful natural anti- 
bodies present in some xenograft combinations. In contrast, dissociated cell sus- 
pensions grafted to the brain are vascularized by the host, with little or no 
contribution from the donor [29, 34]. 

The location to where tissue is transplanted is another variable. Lymphocytes 
and antibodies have greater access to cerebrospinal fluid (CSF) than to brain par- 
enchyma [27, 35]; grafts placed in the ventricles are subject to a more vigorous 
immune attack than those placed in the parenchyma [36, 37]. Further, there 
are regions of the brain (circumventricular organs, pituitary) where the BBB is 
not complete [38], making these targets less attractive for transplantation. 

Finally, the method by which tissues or cells are placed within the brain can 
affect graft survival. Generally, the more destructive the transplant procedure, the 
greater the risk of rejection. Therefore, stereotactic transplantation with the 
smallest bore cannula compatible with the tissue to be transplanted will provide 
for optimal chances of success [39]. 



Eye and Testis: Involvement of Fas 

Both the anterior chamber of the eye and the testis are remarkable immune pri- 
vileged sites, known for their ability to support allogeneic and xenogeneic trans- 
plants [2, 11, 40, 41]. Immune privilege at these site is mediated by multiple 
mechanisms functioning coordinately. Both the anterior chamber of the eye 
and the testis have diminished lymphatic flow. However, there is sufficient lym- 
phatic flow such that this one mechanism alone is not sufficient to provide 
immune privilege at these sites. Additional factors involved are locally produced 
factors that create a regional inhibition of immune responses. Locally produced 
factors that are known to inhibit immune responses include the following: (a) 
TGF-a (eye and testis), (b) neuropeptides (eye), (c) complement inhibitors 
(eye), and (d) corticosteroids (testis) [42]. 

Finally, recent work has now shown that there is an additional element to 
immune privilege in both the eye and testis, FasL-induced apoptosis [4, 5]. 
FasL is expressed in both the eye and testis and does provide immune privilege 
at these sites [4, 5]. Apoptotic cell death is induced when FasL, a cell surface 
molecule with homology to tumor necrosis factor, binds to its receptor Fas. Var- 
ious cells and tissues such as thymus, liver, heart, lung, kidney, and ovary 
express Fas, but only relatively few cells (activated T cells, Sertoli cells, and 
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cells in the eye) express FasL [4, 5, 43]. In the immune system. Fas and FasL 
function to downregulate immune reactions and are used by T cells to induce tar- 
get cell death. Thus, FasL expression in immune privileged sites would act to 
inhibit any immune responses by inducing the apoptotic cell death of invading 
immune cells. 



Comment 

The discovery of FasL expression in immune privileged sites is exciting, and it 
will be interesting to determine if the Fas system is involved in immune privilege 
at other sites, such as the brain. Additionally, there is the potential for conferring 
immune privilege to tissues transplanted to non-privileged sites via FasL expres- 
sion. The outcome of such experiments using FasL expression to promote 
immune protection for transplanted tissues will have important implications 
for transplantation research. 
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Introduction 

Rodents have always been the favored species for laboratory research. The ani- 
mals are inexpensive, their lodging and care are simple and cost-effective, and 
they can be bred in a well-controlled environment to develop pure strains with 
known histocompatibility. The recent futuristic developments in transgenic 
mice creates the potential for selectively and discretely manipulating virtually 
every subset and element of the immune system for transplant research. Rodent 
use in organ transplantation research has previously been limited by their small 
size. Recently, the development of microsurgery has permitted the performance 
of a large number of whole-organ grafts in rodents, including kidney, pancreas, 
spleen, liver, lung, and heart. The utility of rodents in skin grafting is legendary. 
One of the most useful papers on skin grafting technique was published by Bill- 
ingham over 45 years ago using rodents, and this remains a recommended up-to- 
date reference on experimental skin grafting [1]. Perhaps the most important fac- 
tor in the utility of these animals is the ability to perform large numbers of solid- 
organ grafts in a cost-effective manner consistent with modern concerns for ani- 
mal welfare. 

Over the past 10 years, our group has worked extensively with over 3000 
rodents in xenograft studies [2-32]. This chapter summarizes our experience 
and that of others using rodent models to develop effective immunosuppression 
(IS) for preventing xenograft rejection (XR) and to generate insights into 
mechanisms of XR. In this respect, experimental modeling using rodents has 
yielded critically important results with xenografts. To date, rodent models 
have arguably yielded the majority of basic information on XR. It quickly became 
apparent that conventional immunosuppressive agents, including cyclosporine, 
were ineffective in xenografting [2]. Emphasis was therefore shifted to newer 
immunosuppressive modalities, including FK506, 15-deoxyspergualin (DSG), 
quality-controlled rabbit antithymocyte globulin (RATG), and total lymphoid 
irradiation (TLI) [4-6, 8]. More recently, exciting new drugs like mycophenolate 
mofetil, leflunomide, brequinar sodium and others have been tested in rodent 
xenografts (Chaps. 44-46). Importantly, rodent models, especially the genetically 
controlled immunodeficient models [9, 10] and transgenic mice [3, 26, 29], have 
been used to develop a better understanding of the mechanisms of XR. 

Studies of infiltrating cells in rejecting xenografts were utilized in an attempt 
to explain the basic processes of humoral and cell-mediated immunity in XR. 
Antibody studies were utilized to determine the effect of xenograft anti-donor 
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antibody, as well as to study blocking of antibody formation by immunosuppres- 
sive drugs, the role of antibodies in hyperacute rejection, and delayed xenograft 
rejection as well as in facilitation and tolerance of xenografts. 

Important insights were gained into the basic nature of XR by studies in 
genetically immunodeficient rodent strains [9, 10, 16]. The immunodeficient 
models have included the X-linked immunodeficiency (XID) mouse (native and 
reconstituted), nude (Nu) mouse, beige (Be) mouse, and mice having various 
combinations of these genetic mutations, as well as the nude rat. We have utilized 
the model of a primarily vascularized heart graft in these immunodeficient mice 
to study mechanisms of XR. Some of these studies were among the first to estab- 
lish that the endothelial cell epitopes were the major stimulus to development of 
in vitro xenogeneic reactivity in rodents [7, 15]. Another of these studies demon- 
strated that T cell immunity, as well as antibody-dependent cellular cytotoxicity 
(ADCC) and lymphokine- activated killer (LAK) cell activity were developed 
against the endothelial cell by xenogeneic cells [15]. Extraordinary opportunities 
to dissect XR have recently become available with development of transgenic 
(TG) animals. We have studied XR in class I and II major histocompatibility 
complex (MHC) -deficient mice as well as the so-called RAG, uMT, and other 
transgenic strains [19, 26, 29]. 



An Overview of Xenograft Models 

A wide variety of animal species have been used in xenograft studies. The array 
of experimental models is nearly as kaleidoscopic as the animal kingdom itself! 
They include the following: (a) primates, (b) large domesticated animals such as 
pigs, goats, and dogs, (c) a host of rodent xenograft models involving primarily 
the rat, mouse, hamster, and guinea pig, and even (d) studies of lower amphi- 
bians and other non-mammalian species. Our experience, to be reviewed here, 
primarily involves three rodent species - the mouse, rat, and hamster. 



Mouse 

The excellent insights into the mouse MHC and the recent availability of trans- 
genic mice are important reasons for choosing the mouse in transplant studies. 
However, a casual perusal of literature reveals a provocative number of papers in 
which the reason for choosing the mouse is not obvious. Especially when salu- 
brious results are obtained, scepticism is inevitable. Often the issue is complex. 
For example, the plethora of successful schemes for prolonging islet xenograft 
survival in the mouse makes one wonder whether science might best be served 
by searching for an immunomodulation system that does not prolong islet xeno- 
grafts in the mouse - this would truly be a scientific curiosity! However, who 
doubts the value of the NOD mouse in islet grafting? The model is elegant, 
and prolonging islet xenografts in this recipient mouse is indeed difficult. A 
number of authors have dealt with the problem of “user-friendly” mouse models 
recently [18, 35, 39, 40, 41]. Perhaps some modeling concepts could be agreed 
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Upon, such as encouraging the well-published investigator to repeat his system 
using a rat recipient (especially the Lewis rat). A progressive ascension up the 
evolutionary scale - mouse to dog to primate to man - seems a productive 
scheme and has certainly worked well in recent tolerance studies [3]. 



Skin Grafting in the Rodent 

Early in our experience, it became clear that the rodent skin graft was an excel- 
lent model for studying xenograft immunity and IS drug potency and toxicity. To 
begin with, the elegant genetic controls possible in these animals, especially the 
mouse, provided an immunological milieu with a uniform pattern and tempo of 
rejection. In vivo studies demonstrated a vigorous, well-defined, and rapid pro- 
gression of mouse, rat, and hamster skin rejection, often complete within 24-48 h 
of the first indication of impending rejection. 

Equally consistent was the inability of immunosuppressive agents currently 
used to effect a delay in XR. Every IS drug studied, when used as monotherapy, 
failed to significantly modify survival of these xenografts, with the exception of 
RATG, which slightly prolonged skin grafts. Therapy with two or three drug 
combinations, however, produced some significant improvements in skin graft 
survival, with delay of rejection beyond 30-40 days in some cases [2, 4]. 

In general, the skin xenograft models showed patterns of rejection and pro- 
longation which closely mimicked other xenograft models (such as the heteroto- 
pic cardiac xenograft and pancreas islet xenografts). There was a similar tempo 
and vigor of rejection between the organ grafts tested. Interestingly, cyclosporine, 
even at toxic doses of 25-50 mg/kg per day, did not produce significant prolonga- 
tion of graft survival or modification of the basic histological pattern of XR. 
Similar results were obtained with other conventional IS drugs when used as 
monotherapy or together. However, combinations of RATG and splenectomy 
with FK506 and DSG produced significant prolongation of both the heart and 
skin graft. The ineffectiveness of TLI and cyclosporine has been a consistent 
finding in our studies and in studies of other groups using the heart and 
other organ xenograft models [2, 5, 6, 13, 14, 42, 43]. 

Thus, there is high concordance of graft survival and prolongation in these 
two models despite the use of different donor organs. We view the skin test as 
a “screening assay” to permit rapid, inexpensive testing of a wide variety of sup- 
pressive agents. Agents shown to be suppressive in screening assays then receive 
more definitive confirmation of their potency in heart or pancreas islet xeno- 
grafting. Despite the utility and relevance of skin grafting, formidable limitations 
of skin graft models came to light in studies of transgenic animals [26, 29]. Class 
I and II MHC “knockout” mice rejected skin grafts normally, but showed marked 
prolongation of heart grafts. Thus skin graft results cannot be indiscriminately 
utilized in graft rejection studies. 

The skin xenograft has another advantage - the ability to access drug toxicity 
in a relatively pure form, unfettered by vagaries of microsurgery and anesthesia 
involved in other, more stressful, xenograft models. In contrast to xenografts of 
solid, primarily vascularized organs such as heart, kidney, pancreas, and liver. 
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the anesthesia and transplant morbidity and mortality for skin grafts approaches 
o %. With only a few months experience, most researchers can perform literally 
hundreds of skin xenografts without technical morbidity or mortality. In this 
situation, it is possible to accurately ascribe morbidity, and especially mortality, 
to the effects of immunosuppressive drugs. 



Drug Toxicity 

Studies from our laboratory and others have established that virtually all agents 
with the ability to prolong xenograft survival are associated with significant mor- 
bidity and mortality in rodents. It therefore behooves the xenograft investigator 
to accurately and carefully look for morbidity and mortality associated with 
these toxic immunosuppressive agents. A number of publications in the literature 
imply, for example, that doses of 20-50 mg cyclosporine/kg can be given with no 
significant toxicity. Mortalities of up to 80 % can be seen but are often not attrib- 
uted to toxicity associated with these agents. Deaths after skin xenografting have 
been described as due to “technical complications.” Our studies suggest that this 
is not a plausible explanation, and that deaths in animals following skin grafting 
done by skilled personnel are almost certainly attributable to the IS agent, if 
anesthetic toxicity is excluded. There can be little meaningful discussion of 
immunosuppression for xenografting without careful attention to the potential 
or actual toxicity of potent new immunosuppressive agents, since toxicity is so 
frequently present at the doses necessary to prolong xenografts. 



Effects of Vascularization on Xenograft Rejection 

Rodent xenograft models have exhibited analogies to allotransplantation and also 
illustrate novel immunobiologic principles. Xenografts that can be either primar- 
ily vascularized or secondarily vascularized, like islets and skin grafts, have 
shown that the mouse skin xenograft is variably resistant to antibody-mediated 
attack during its residence in the host. Interestingly, recent studies in our labora- 
tory demonstrate that the islet allograft, which has a similar secondary vascular- 
ization, has an entirely different susceptibility to antibody rejection. It seems that 
such models, studied in a more detailed manner, might yield important results in 
understanding XR. 



Vascular Endothelial Cell 

Studies of the xenogeneic response to the vascular endothelial cell (VEC) [7, 15] 
showed that mouse VECs isolated in vitro induce high levels of xenogeneic T cell 
responses as well as ADCC and complement-dependent cytolysis compared to the 
xenogeneic reaction with splenocytes. These findings with the VEC are provoca- 
tive since they correlate well with the in vivo xenograft rejection reaction, which 
is much stronger than alloreactivity. Later studies elegantly demonstrated that a 
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carbohydrate epitope (aGali-3Gal) was the primary inducer of this strong anti- 
VEC xenogeneic response. Transgenic animals with ai,3-galactosyltransferase 
knockout induce weak xenogeneic responses [23]. 



Pancreatic Islet Transplantation 

The pancreatic islet deserves special mention as a rodent xenograft model (Chap. 
41). The islet, like the skin graft, undergoes a type of secondary neovasculariza- 
tion and survives for the first few days in the host without primary vascular con- 
nections with the host circulation. A number of investigators have suggested that 
the islet is susceptible to an almost immediate 24- to 48 -h hyperacute-type rejec- 
tion [44]. This rejection has been termed primary nonfunction in that the grafts 
fail to lower blood sugar at any time in the post-transplant period. Though 
primary failure of the xenograft may be due to early severe accelerated rejection, 
a number of authors have attributed early islet failure to deficiencies of isolation 
and culture techniques which impair islet viability. A factor of great interest is 
the ability to virtually eliminate this unique and early islet rejection in the xeno- 
graft [21, 22, 24, 33] with effective IS drugs. In our own group’s series, discordant 
pig islets had a mean survival of >200 days - one of the best survivals recorded 
for discordant xenografts. Most importantly, these survivals were obtained with- 
out chronic immunosuppression and as such represent an operational tolerance. 
Thus, islet xenotransplants may be a favored graft among the various organ 
xenografts. 

Recent studies in rodents with type II diabetes (non-insulin-dependent dia- 
betes mellitus, NIDDM) have suggested a unique potential application of xeno- 
transplants in reversing type II diabetes [33]. This entity has long been thought 
to be due to a primary metabolic lesion variously referred to as “insulin resis- 
tance,” “post-receptor insulin defects,” etc. Our group’s studies in the classic 
model of NIDDM, the Zucker rat, however, strongly suggest that insufficient 
islet insulin secretion is a central factor in NIDDM, and the insulin resistance 
usually reverses when this insulin secretory abnormality is corrected by islet 
xenotransplantation. Since there are about ten times as many humans with 
NIDDM compared to type I diabetes, this may be a fruitful area. 



Xenograft Studies In Immunodeficlent Rodents 

A number of rodent models with specific immune deficiencies, including the 
nude mouse (T cell-deficient and athymic, the beige mouse [killer (K) and nat- 
ural killer (NK) cell-deficient, specifically], the xid mouse (excellent immunode- 
ficiency showing B cell and antibody deficiencies), and SCID mouse (severe com- 
bined immunodeficiency mouse, with both T and B cell deficiencies and normal 
K and NK cells), and genetic combinations of these four animals have recently 
become available [45]. Animals with specific immune deficiencies, including 
complement deficiencies and other dysfunctions of the immune system are 
also available, but have not been utilized widely in definitive xenograft experi- 
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ments to date. This section will focus on the best studied mutations in mice, the 
scid mutation, the nude (Nu) mutation, the beige (Be) mutation, and the xid ani- 
mals, and combinations of these mutants, as well as the nude rat. Over 30 single- 
gene mutations leading to immunodeficiency have been characterized and 
inbred. In addition, ten mice strains with multiple mutations of immunodefi- 
ciency have been described, as well as rat, guinea pig, and hamster mutants 

[45-47, 49-53]* 

Nude Rodent 

The nude (Nu) genetic aberration has been described in both the mouse and the 
rat [9, 10, 16, 19, 28, 35, 37, 46, 47, 49, 50, 51]. The nude mouse was one of the 
earliest animals studied for T cell immunodeficiency. The nude rat developed 
as a mutation in a group of animals in Scotland, and separately in New Zealand. 

Using the basic Rowlett nude rat and backcrossing it with outbred strains, 
including Lewis, Buffalo and Wistar Furth, National Institutes of Health (NIH) 
staff have developed a nude rat which is herein referred to as the NIH nude 
rat. The animal in the homozygous state is hairless, athymic, and known to 
have marked T cell deficiencies. Animals used should be younger than 8- 
10 weeks old, since older animals show development of T cell expansion and dif- 
ferentiation [45]. The young animals show severe depletion of lymphocytes in the 
thymus-dependent pericortical area of lymph nodes, as well as in the thymus- 
dependent splenic periarteriolar sheaths. Peyer’s patches are small, and lympho- 
cyte counts (presumably B cells) are high. Antigen retention by the follicular 
dendritic cells is essentially normal. NK activity is normal-to-increased in 
nude rats, as it is in nude mice. 

In the thoracic duct, B cells are normal or increased, but T cells are markedly 
reduced (<5 %). T cells in the peripheral lymph node tissues are less than 2 % of 
total lymphocytes in young animals, up to age 4-8 weeks. Markedly deficient T 
cell function is seen as measured by alloreactivity in mixed lymphocyte cultures 
(MLC), development of cytotoxic cells, development of helper cells producing 
interleukin-2 (IL-2), and responses to phytohemagglutinin (PHA) and concanava- 
lin A (ConA). 

In short, the nude rat is an elegant model of an athymic pure T cell defect [45, 
46]. One of the most critical insights into XR was the independent reports of two 
laboratories [10, 56] of the normal to heightened XR in these animals despite 
their T cell deficiency. These results significantly changed our concepts of XR 
which was previously felt to be heavily dependent on T cell activity. In addition, 
more recent studies have demonstrated that even concordant xenografts are 
rejected primarily by B cell and antibody responses. Finally, studies just com- 
pleted demonstrate that contrary to accepted concepts, T cell-independent anti- 
bodies are critical to XR, and even long-term XR does not depend on T cells. 
The recent demonstration of the CD4 epitope on some macrophages makes it 
possible that some observed effects of CD4 on xenografts ascribed to T cells 
may be related to 004“^ macrophages. 
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Beige Mouse 

The beige (Be) mutant is a light-colored variant of the C57B1/6} mouse. These 
animals show hypopigmentation, and the genetic mutant has arisen in a number 
of different laboratories [52]. The phenotypic manifestations resemble the Che- 
diak-Higashi syndrome in humans. The animals have a basically intact T cell sys- 
tem but have a selective impairment of NK cell function. NK cells do not mount 
an antibody-dependent or antibody-independent cytolysis of tumor cells in vivo. 
The animals apparently have LAK cell precursors and presumably normal LAK 
cell activity. In short, this is an elegant model for studying isolated K and NK 
cell activity as it might relate to XR and/or tumor growth. 



Results of Xenografting in Immunodeficient Rodents 

Our group has now studied xenograft rejection in a wide variety of genetic 
immunodeficient strains. Results are summarized in Fig. 1. In these studies, 
heart xenografts were placed in selectively immunodeficient animals and their 
rejection times recorded. In addition, biopsies of the grafts were examined for 
the nature and degree of infiltrating cells. 

Control heart grafts survived 5.4±3.6days. The striking and unexpected 
observation that the nude rat rejects tissue xenografts in a normal manner 
and tempo, as previously noted, has been a seminal finding. Heterotopic cardiac 
allografts (not shown here) survived indefinitely, thus confirming the total func- 
tional T cell deficiency of these animals. 

Another striking finding was the delay of rejection of both allografts and 
xenografts in the beige animals which have defective NK and K cell function. 



Days Survival 




Fig.1. Survival of xenografts in immunodeficient rodents. C, control 
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Since B and T cell function appear to be normal in these animals, it would appear 
that NK and K cell activity is involved in the early acute rejection of allografts 
and in XR. Further studies by our group, however, have failed to implicate NK 
or K cells in XR. 

The xid mutation is a marked deficiency in T cell-independent B cell immu- 
riity [47]- Our group has previously reported that the xid animals rejected 
their xenografts in a normal manner. Studies of this animal colony showed dis- 
crepancies in B cell response related to backcrosses. A stable, better defined, xid 
colony was obtained and thoroughly tested. This colony had a stable and severe B 
cell deficiency. When cardiac xenografts were done in these animals (xid-2), 
indefinite survival was obtained. This is one of the strongest lines of evidence 
that the B cell is central to XR. 

The SCID animals maintained their skin grafts for an indefinite period and 
showed a marked blunting of the xenogeneic response in histopathologic sec- 
tions. However, SCID animals reconstituted with purified CD4 cells obtained 
by fluorescence-activated cell sorter (FACS) and bead separation rejected skin 
grafts in 14 days but still did not reject vascularized heart grafts [35]. The strik- 
ing difference between rejection of these two grafts in rodents is yet another 
example of organ differences in XR. Interestingly, animals reconstituted with pur- 
ified B cells rejected xenografts in a normal manner at 6. 8 ±1.6 days. Of extraor- 
dinary interest was the lack of requirement for T cells and failure of intensifica- 
tion of rejection with T cell and B cell reconstitution. These results suggest (as 
have other experiments) that antibody XR involves T-independent antibodies. 
These overall results, obtained from immuno deficient animals, have done 
more, perhaps than any other results, in outlining some basic concepts of XR 
with scientific precision. These results were contrary to many accepted dogmas 
of XR, and established beyond doubt that B cell reactivity and antibody effector 
systems which are T cell-independent are the primary reactors in XR. Most 
importantly, this concept goes far in explaining empirical results which did not 
make sense by traditional concepts. The weakness of T cells in in vitro xeno- 
geneic reactivity (the MLC, for example) and the poor ability of strong anti-T 
cell IS agents like cyclosporine to suppress XR is entirely compatible with and 
supportive of a strong B cell role in XR. Recent studies in our laboratory have 
demonstrated a primary role for B cell reactivity even in concordant xenografts, 
a concept which has been vigorously rejected to date. This issue deserves critical 
analysis. Interestingly, the strong block of XR by ATG seemed enigmatic to this 
concept until the recent demonstration that polyclonal ATG in fact contains far 
more non-T cell monoclonal specificities than those for T cell epitopes. In addi- 
tion, the non-T cell specificities are found at far greater titers, and thus the abil- 
ity of ATG to block XR is an expected finding based on the important concepts 
from these studies in immunodeficient animals. Similarly, the importance of non- 
MHC targets of XR (endothelial carbohydrate epitopes) would be expected since 
T cell reactivity is strongly directed to MHC epitopes. 
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Studies of the Immunobiology of Xenografts 

In early studies, our group looked at some basic immunobiologic principles of 
xenograft rejection in rodents. These studies were designed as one part of a com- 
prehensive overview of xenografting in an attempt to develop more rational per- 
spectives of XR. 



Strain Specificity 

One of the first areas we explored was the question of strain specificity in xeno- 
grafts. Previous authors have maintained that XR can be highly dependent upon 
the strain of the species utilized in xenograft experiments in mice [48]. One 
experiment we designed as a stringent test of this concept was to compare the 
survival of cardiac xenografts in the weak allograft responder ACI rat recipient 
to survival of cardiac xenografts in the high responder Lewis strain. The ACI 
strain is known for its low responsiveness and will accept a number of fully allo- 
geneic cardiac allografts with only minimal immunological manipulation main- 
tained for short periods of time. 

Despite these differences, hamster-to-rat cardiac xenograft survival was similar 
(3.8 ±1.2 versus 4.1 ±0.6 days, respectively) in Lewis versus ACI recipients. In a 
like manner, skin grafts done between a hamster and the ACI versus the Lewis 
rats showed no difference in graft survival or in histopathological infiltrate of 
rejected grafts [18]. 

Our conclusion from this study is that rat strain differences exert minor, if 
any, effects on xenograft survival, despite earlier findings. Either of these con- 
cepts could have practical implications in future clinical xenografting. Other 
recent studies indicate that MHC antigens are not primary targets of XR, a find- 
ing which fits well with the lack of strain specificity recently found. 



Anti-donor Antibodies 

An area of great interest is the role of antibodies in xenograft rejection. The fail- 
ure of skin grafts to hyperacutely reject is a curious phenomenon since in many 
of the donor-recipient xenograft models studied a high level of anti-donor cyto- 
toxic antibody was present in the recipient. Furthermore, investigations have 
demonstrated a relative ease of induction of the skin analog of hyperacute rejec- 
tion in allografts, the so-called “white graft.” However, the hamster heart placed 
in the Lewis rat, and also the hamster liver, do not hyperacutely reject despite 
high levels of anti-hamster antibody in Lewis sera. The cardiac xenograft find- 
ings also stand in stark contrast to the relative ease of induction of allogeneic 
hyperacute rejection in cardiac allografts in the rat, as shown by Forbes, Gutt- 
man, and others [36]. 

A common explanation for the failure of rats to develop hyperacute rejection 
is the low level of complement seen in these animals. It was striking for us, there- 
fore, to observe in some other experiments a hyperacute rejection pattern in the 
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Lewis rat in 15-20 min, with classical rejection patterns of massive swelling, epi- 
cardial ecchymoses, a dilated and cyanotic heart, and a cessation of heart beat. 

Using a plasmapheresis technique developed in our laboratory with multiple 
centrifugation of the plasmapheresed aliquots, we were able to show that plasma- 
pheresis of 10 ml blood daily for 2 consecutive days pretransplant was able to 
markedly prolong the guinea pig heart graft to 2-3 h. At the end of this time, 
the heart looked completely normal without any signs of hyperacute rejection, 
but the experiment had to be terminated because of blood leakage at the suture 
line, presumably due to defects in clotting factors removed during plasmapheresis. 

The guinea pig studies were important in showing that the Lewis rat can exhi- 
bit normal complement-dependent cytotoxicity and a vigorous hyperacute rejec- 
tion of a xenografted heart without deliberate induction of preformed anti-donor 
antibody. Interestingly enough, there was no significant difference between anti- 
guinea pig antibody levels in the Lewis rat and the anti-hamster antibody levels, 
irrespective of the failure of the Lewis rat to generate an effective hyperacute 
rejection of the hamster, but not the guinea pig, heart. While there is much rea- 
son to believe that antibody is the primary effector in this model, there are a 
large number of observations leading to the conclusion that levels of antibodies 
do not show a direct positive correlation with rejection in many situations. Thus 
it seems highly possible that factors other than complement-dependent antibody 
(e.g., NK cell, antibody- dependent cellular cytotoxicity, LAK cells, platelets) may 
interact with humoral antibody to produce effector mechanisms generating 
hyperacute rejection. 

The xenograft rodent models can be very useful in dissecting out the basic 
elements of hyperacute rejection seen in discordant xenografts. Previous studies 
of hyperacute rejection in xenografts (especially pig-to-dog) have outlined roles 
for platelets, polymorphonuclear neutrophils (PMNs), leukocytes, hemagglutinat- 
ing red blood cells, complement, and anti-donor antibody. Our studies in 
rodents, as well as those of others, also suggest that multiple mechanisms may 
be involved since humoral antibody and/or complement alone do not seem suffi- 
cient to explain the disparate results seen. 



Humoral Antibody, Xenograft Rejection, and Humoral Accommodation 

The immediate problem in discordant XR is a hyperacute rejection pattern which 
is even more robust than allograft hyperacute rejection. This XR has been iden- 
tified as primarily related to preformed natural antibodies and complement acti- 
vation. Unfortunately, despite over 30 years of intensive study, little progress has 
been made. Rodent models are quite useful in these studies, and recently the use 
of a soluble complement receptor (sCRj) has prolonged guinea pig xenografts 
from hours to a few days. The same results can be achieved by cobra venom fac- 
tor (CVF) which has been used for 30 years in xenograft models. Blocking sec- 
ondary reactions, such as platelet activation, also helps but only for a short 
time (minutes to hours). 

In this author’s opinion, basic concepts are badly needed in this area. For 
example, guinea pig hearts are rejected with little evidence of strong preformed 
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antibodies. It has been suggested that the alternative pathway of complement is 
involved. This hypothesis needs further exploration. Similarly, a host of articles 
suggests that natural antibodies are not important because a single plasmapher- 
esis has only a mild effect on hyperacute rejection. It is known, however, that 
antibody rebound is quick following a single pheresis, and multiple phereses 
need to be done. Studies with single pheresis should be viewed skeptically. 

The expansion of a newly described basic concept into elegant derivatives was 
beautifully demonstrated with humoral antibody systems and XR. Once the 
importance of HA in XR was defined, many studies focussed and expanded 
this area. White’s group established that even long-surviving xenografts were 
mostly vulnerable, but occasionally resistant to HA directed against their anti- 
gens. Murase, et. al., in a strikingly energetic study, demonstrated that IS agents 
with known anti-B cell activity effectively blocked XR beyond the degree seen 
with anti-T cell agents. Marchman et al. demonstrated the tight correlation of 
early XR and antibody titers. Carobbi et al. showed the critical role of splenect- 
omy in blocking development of anti-xenograft titers and preventing early XR. In 
fact, there are few IS measures which can impact XR to the great degree that 
splenectomy does. 

Perhaps the most positive and conceptually critical studies of the role of anti- 
body in the long survival of xenografts are the serial studies of patterns of CDC 
and ADCC reported in a seminal study by our group [20] and expanded and 
extended in a number of subsequent publications [19, 20, 25, 27, 30, 31, 34, 35]. 
This study demonstrated basic correlates of anti-donor CDC and ADCC with 
XR. Basically independent of the IS drugs given, the classical hamster heart- 
to-Lewis rat model demonstrated clear patterns of HA associations with XR. 
In xenorecipients with early (day 1-14) rises in CDC and ADCC, acute and severe 
XR occurred, usually by iweek post-transplantation. Histopathology demon- 
strated clear-cut patterns of severe humoral antibody- mediated rejection, includ- 
ing severe small vessel vasculitis, small and large vessel occlusion with infarction, 
interstitial hemorrhage, massive tissue edema and extravasation. The correlation 
of antibody titers and XR was excellent (r=o.92, p<o.05). In xenografts surviving 
20-40 days or so, CDC and ADCC levels also correlated well with XR (r=o.87, 
p<0.05), and histopathology was predominantly a vascular rejection pattern, 
although mononuclear cell infiltrates were more prominent than in early rejec- 
tors. Of interest, however, was a basic similarity in CDC and ADCC antibody 
titers between these two groups at the time of rejection. 

Early studies in immunodeficient rodents support this concept since animals 
with marked deficiencies in T cells (such as nude rats) can reject xenografts in 
a rapid, vigorous manner with apparently normal patterns of cellular reactivity. 
In addition, xenograft rejection in the hamster-to-Lewis rat heart model is appar- 
ent at 24-48 h and peaks by 72 h. This accelerated destruction of grafts occurs far 
before development of significant T cell cytotoxicity at 7-10 days. LAK cell activ- 
ity is easily inducible in 48-72 h with sufficient levels of IL-2 in culture. Thus the 
early in vivo cytotoxicity seen in these rodent xenograft models is probably a 
non-T cell type cytotoxicity, most likely LAK and/or ADCC killing. Patselas et 
al., however, were unable to detect LAK killing in xenograft rejection even 
when the recipients were given rIL-2 to maximumly elevate IL-2 levels. 
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Immunodeficient models which show a marked delay in XR (or even indefinite 
survival of xenografts), such as the SCID model, the xid/Nu/Be model, and the 
Nu/Be model, all have defects in LAK killing. In contrast, animals with LAK kill- 
ing intact or relatively normal, all reject xenografts normally. NK defects will 
lead to a slight prolongation of xenograft models from 7-14 days, as shown by 
our group in the Be mouse. These findings are highly reproducible and suggest 
that LAK cell killing is a possible primary mechanism of XR. 

Another fascinating aspect of these findings is that they would go far to 
explain the reason why agents with strong anti-T helper cell activity, such as 
RATG and anti-L3l4 monoclonal antibodies, are potent blockers of xenogeneic 
responses. A similar explanation for the effectiveness of TLI in blocking xeno- 
graft survival seems appropriate and rational. Since this agent also blocks LAK 
cell cytotoxicity, identification of afferent and efferent arms of xenogeneic reac- 
tivity would seem to be critical in developing a basic understanding of this 
immune response. Our group directly accessed the role of NK cells in XR with 
negative results, but these studies need to be repeated. 

Recent studies of the so-called xid deficiency may provide insight into the role 
of B cell activity in xenograft rejection since these animals have now been con- 
vincingly demonstrated to lack xenoreactivity. Cardiac grafts in these animals are 
prolonged indefinitely. These animals have normal T cell, NK and LAK activity. 
While the results of these studies need to be confirmed and expanded by immu- 
nological reconstitution experiments, the early findings are provocative. Hope- 
fully, these findings in rodents will permit a better understanding of the mechan- 
ism of xenograft rejection which may permit the development of better 
techniques for immunomodulation of the xenograft response. 

A recent finding of major interest is the discovery that nude rats with marked 
T cell deficiency reject cardiac xenografts in a completely normal tempo and 
fashion [9, 10]. In addition to this striking finding, further studies demonstrated 
that splenectomy partially ablated this response and prolonged graft survival to a 
mean of 28 days without IS. These results demonstrate that T cell-deficient ani- 
mals can have normal xenogeneic rejection responses which are partially depen- 
dent upon the spleen and surely based on B cell rejection mechanisms. More 
recent studies clearly demonstrate that the antibodies involved are T cell-inde- 
pendent, probably directed at carbohydrate epitopes on the xenograft endothe- 
lium. 



Role of the Spleen in Xenograft Rejection 

Because antibody responses are known to be important in XR, it seemed logical 
to us that the spleen, important in the antibody response to intravenously 
injected antigens, might well be important in xenoantibody responses. Therefore, 
we performed splenectomy in a number of animals, both pretransplant and at the 
time of transplantation, and measured xenograft survival [11, 19, 28, 31, 35]. 

In the hamster-to-Lewis rat heart recipient, splenectomy produced a decrease 
in the humoral antibody response but no significant prolongation of graft survi- 
val. Splenectomy plus 15 mg cyclosporine/kg, however, produced a rather marked 
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mean xenograft prolongation to nearly 22 days in this model. Of even greater 
interest, however, was the ability of FK506, when used in combination with sple- 
nectomy, to prolong graft survival to a mean of 40 days. Splenectomy and DSG 
given at 2.5 mg/kg also prolonged graft survival up to 87 days, and this, too, 
was highly significant. These graft survivals were some of the longest survivals 
seen to-date in over 1000 hamster-to-Lewis rat cardiac xenografts. Recently, 
our group has attained essentially indefinite survival with splenectomy and a 
variety of immunosuppressive agents in this model. 

All prolongations were associated with decreased antibody titers in the 
responding animals. The most effective decrease in antibody titers was produced 
by splenectomy plus DSG. These results clearly demonstrate that splenectomy can 
act with suppressive drugs in a synergistic manner and suggests that splenect- 
omy may be important in xenografting, despite its poor ability to prolong either 
primary or secondary allografts. 

The most recent studies in our laboratory indicate that the effects of splenect- 
omy on xenograft rejection may be independent of blockade of T cell-indepen- 
dent antibody production by the spleen. There was a poor correlation of T 
cell-dependent antibody block by splenectomy and xenograft prolongation [35]. 
These findings suggest that splenectomy may act to prolong xenograft survival 
by blocking of T cell-independent antibody formation. Finally, some current stu- 
dies suggest that the splenic microenvironment may be important in bringing 
together essential cells in XR which cannot act as effectively when they are not 
geographically proximate. 



Histopathology of Xenograft Rejection 

One of the most poorly understood areas of xenograft rejection is the histo- 
pathology of xenograft rejection (Chaps. 17-21). There have been only a few 
reports on this subject, and a large number of these were prior to the modern 
era of immunobiologic sophistication, including monoclonal antibody markers 
of infiltrating cells. Our studies began with standard histopathology obtained 
with hematoxylin and eosin stains in hamster hearts removed after rejection 
by Lewis rat recipients [12, 13]. 

The early lesions of the accelerated rejection model with preformed antibodies 
were a vasculitis with endothelial disruption, pyknosis, swelling, and overall dis- 
ruption of endothelial integrity. Associated with this, there was often a severe 
hemorrhagic infiltrate, high numbers of PMNs but little myocyte necrosis. 
Most of the myocyte necrosis seemed to be secondary to infarcts, which appeared 
in stage II xenograft rejection in this model. In this stage, there were multiple 
microinfarcts and multiple areas of obstruction of the vessels and plugging by 
platelet-thrombin-fibrin complexes with intermeshed cells. In a milder stage of 
xenograft rejection seen in immunosuppressed animals at a later time, there 
was a more marked infiltrate of cells into the interstitium and myocardial swel- 
ling and myocyte necrosis which was more uniform, suggesting a direct and local 
attack upon the cells and not an ischemic necrosis as suggested by the earlier 
phase of vasculitis and thrombosis within the blood vessels. 
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Some studies were performed with monoclonal antibody stains and showed 
infiltrates of T cells, a high percentage of macrophages in the infiltrate, as well 
as cells resembling large granular lymphocytes (presumably K, NK, or LAK 
cells). We performed FACS analyses of infiltrating cells using antibodies. In 
most early humoral rejection (up to lodays), no significant cellular infiltrate 
was seen. In the later rejections, in animals treated with DSG and/or FK506, a 
significant cellular infiltrate was observed. This infiltrate, by FACS analysis, 
was composed of 10 %-40 % T cells with T helper cells slightly predominating 
over T cytotoxic/suppressor cells. A significant portion of the T helper cell popu- 
lation was double labeled, and two-color florescence demonstrated a macrophage 
and T helper cell phenotype. These findings are supported by recent studies of 
Moeller’s group demonstrating a similar pattern. These results suggest that 
macrophage infiltrates may be even more prominent than early studies suggested. 
Hancock et al. have recently characterized this as “delayed xenograft rejection,” 
suggesting a major role for macrophages and NK cells in this reaction. 

In addition to vasculitis, early xenograft rejection is characterized by small 
vessel thrombosis. Microinfarcts are often seen in the adjacent tissues. More com- 
monly, the interstitium shows a hemorrhagic pattern with edematous, separated 
intermyocyte spaces. The major hallmark of discordant xenografts is, thus, a 
severe vasculitis with clotting infarction and disruption of endothelial integrity. 
This process, undoubtedly mediated by humoral antibody, can be blocked by 
some suppressive agents, especially DSG, cyclophosphamide and methotrexate. 



Operational Tolerance to Xenografts in Rodents 

Immune tolerance has come to the forefront of clinical and experimental trans- 
plantation in recent years. The inexorable loss of grafts to chronic rejection and 
the unacceptable morbidity and mortality of chronic IS have forced the conclu- 
sion that a system developing a more favorable host environment for the graft, 
hopefully to the degree that some or all of the chronic IS drugs could be aban- 
doned, must be fostered. In addition to systems deliberately focused on donor- 
specific tolerance induction, conventionally treated graft recipients have devel- 
oped drug-induced tolerance which permits long-term graft survival even when 
IS drugs are decreased or discontinued. Recently, xenograft systems producing 
a similar result, which must be labeled “operational tolerance,” have been 
described. For example, discordant pig islet xenografts have functioned up to 
8 months without chronic IS [21] and other discordant islet models with long- 
surviving grafts (200 days or more) after discontinuance of immunosuppression 
have been described [20, 22, 28, 30, 31, 34]. Studies of these operationally tolerant 
xenografts suggest that the tolerance is specific to the transplanted islets and not 
easily demonstrable with second grafts, a point of immunology which is both 
puzzling and disconcerting to many immunologists, but perhaps of lesser inter- 
est to the surgeon since his primary goal of graft acceptance without chronic IS 
has been apparently achieved. 

In rodents, recent studies from at least three laboratories have established the 
capability of achieving long-term survival of disparate heart grafts (hamster-to- 
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rat) with discontinuance of suppression. More detailed reports of these animals 
should be most informative, but some emerging concepts have already been stu- 
died. In the case of White’s group, long-term survival was obtained with a cyclos- 
porine-based regimen (incorporating adjuvant anti-B cell agents) but was a bit 
unstable in that cyclosporine discontinuance at a late date could lead to rejection. 
Murase et al. (Pittsburgh) achieved impressive long-term survival but required B 
cell blockade also. These authors documented that graft survival occurred despite 
some evidence of anti-graft humoral immunity. Unfortunately, serial studies of 
humoral immunity were not correlated with graft survival. Quarantillo et al. stu- 
died both GDC and ADCC antibodies serially and established that a tight corre- 
lation between early titers of antibody and xenograft rejection was clearly evi- 
dent. Most striking, however, was the loss of this tight correlation with 
reversion to a noncorrelative relationship after 40-60 days of graft residence. 
Later, almost without exception, long-term graft survival without rejection was 
seen despite high antibody titers. 

These results are strong support for the “humoral accommodation theory” of 
Platt and Bach [54]. If this concept is correct, long-term xenograft survival may 
be expected on a regular basis in the near future. Most importantly, the xenograft 
recipient may not require chronic immunosuppression, an important achieve- 
ment since the dose and toxicities of most agents required for xenografting 
are probably unacceptable on a long-term basis. 



Study of Immunosuppressive Modalities in Rodent Xenografts 

There is reasonable cause to believe that the single major impediment to applica- 
tion of clinical xenografting in the near future is the problem of short- and long- 
term rejection of the xenogeneic graft accentuated because of the great disparity 
of xenoantigens between the donor and host. Ten years ago, our group began a 
comprehensive study of IS in xenografting using rodents. Rodents were selected 
deliberately because we felt from preliminary studies that a number of new drugs 
given in varying doses would have to be screened in order to obtain effective 
suppression of the xenograft response. Furthermore, we knew that these drugs 
are quite toxic in almost every instance, both because of the need for such a vig- 
orous blocking of the immune system and also because so many of the drugs are 
effective only at high doses. The many difficult variables suggested at the time 
that rodent studies were done would be important as a beginning point. 

Early studies of IS to prevent XR were discouraging. At the Xeno 25 meeting in 
1988, our group reported the use of a variety of IS agents in skin grafting and 
with the reproducible but difficult Syrian hamster-to-Lewis rat cardiac xenograft 
[2]. Unfortunately, the results in both of these systems using a variety of IS 
agents were very discouraging. In most cases, only a few days prolongation of 
grafts was seen. One or two studies reported spectacular results, but these 
could not be reproduced [6, 42] by other laboratories. Hsu et al. [4] reported pro- 
longation of discordant skin xenografts to 20-25 <iays using ATG combined with 
DSG or FK506. In 1992, Carobbi et al. [11] reported prolongation of hamster-to- 
Lewis rat grafts using splenectomy combined with FK506 or DSG. White’s group 
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prolonged this graft also by combining long-term cobra venom factor therapy 
with cyclosporine and/or cyclophosphamide [26]. Following the description of 
the close association of antibody development and XR by Marchman et al. [8, 
12], two groups simultaneously and independently reported normal XR in mark- 
edly T cell-deficient animals [10, 55]. These studies set the stage for fruitful 
empirical study of xenograft IS since they established that B cell and antibody 
reactivity was the primary factor in XR. 

In xenografting as in allografting, many of the contributions to the immuno- 
biology of graft rejection and acceptance have been made by rodent studies. In 
the case of xenografting, the development and availability of selectively bred, 
genetically stable, immunodeficient animals has allowed development of seminal 
observations, such as the role of B cells in XR, the lack of T cell importance in 
XR, the role of humoral accommodation in graft prolongation, and the ability to 
generate tolerance in a variety of xenografts. Similarly, the contributions of trans- 
genic mice to the understanding of XR are legion. For example, the xenografting 
of solid organs in mice lacking class I and class II antigens (the class I and class 
II knockout mice) clearly demonstrated that solid organ xenografts were not 
rejected by an immune mechanism directed against class I and class II antigens. 
This observation was not unexpected given the prior knowledge that T cell reac- 
tivity was not at the core of XR and that strain specificity had little to do with 
XR. These observations continue to be of importance, however, because the con- 
cept of a T cell-mediated immune cell response presumably directed at MHC anti- 
gens is still being considered as a primary mechanism of XR. Observations of 
graft rejection in the aGali-3Gal-deficient rodents has also led to the critical 
observation that this epitope would appear to be among the strongest of all epi- 
topes against which XR is induced. 

In terms of future observations, transgenic rodents will no doubt be critically 
important in demonstrations of the role of antigen responses of endothelial cells. 
In XR it is possible that xenograft reactivity is a result of an afferent effector 
mechanism involving antigen presentation by endothelial cells and development 
of reactivity at this level, or that XR is primarily related to a reaction initially 
developed at the level of the endothelial cell antigens, with the later development 
of a systemic component leading to an efferent immune response involving 
damage and cytotoxicity of the xenogeneic endothelial cells. Development of 
both efferent and afferent endothelial cell reactivity in XR has been previously 
demonstrated, but further studies to more clearly define elements of this reaction 
have not, to date, been well reported. The role of antigen presenting cells would 
seem to be critically important since the endothelial cell is known to be clearly 
capable of antigen presentation. This, too, may prove to be an important area for 
study using transgenic animals which could illuminate the basic factors in anti- 
gen presentation involved in xenograft reactivity. 



Comment 

Notable progress has been made in the understanding of the immunobiology of 
XR since the first edition of this volume was published about five years ago. The 
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central role of B cells and antibodies interacting with a vigorous complement- 
dependent immune effector system has been established and the secondary 
role of T cells in XR delineated. The critical importance of endothelial cell epi- 
topes, including the aGali-3Gal epitope, in inducing xenograft immunity has 
been established, and a variety of immunosuppressive techniques have been 
developed to block humoral antibody responses, strong complement responses, 
and ancillary pro-inflammatory reactivity. In the first decade or so of solid scien- 
tific xenograft investigations, prolonged survival of disparate xenografts has been 
established, thus permitting the observation of serial, long-term xenoreactivity. 
As a corollary of these observations, the insightful and novel theory of humoral 
accommodation has been, for the first time, empirically demonstrated in animal 
strains with long-term graft survival by serial studies of GDC and ADCC. 

Finally, the demonstration of what is best described as “operational tolerance,” 
with long-term xenograft survival unsurpassed in many models using only short 
and discontinuous immunosuppression with no long-term chronic drug therapy, 
is perhaps the most optimistic of all the findings in disparate xenografts to-date. 
It does not seem unreasonable to predict that the xenograft barrier may be bro- 
ken in the near future using available suppressive agents. 
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Introduction 

The morphological and immunological changes developing in the renal graft, 
evaluated qualitatively as well as quantitatively, depend on the genetic relation- 
ship between donor and recipient. Based on the genetic differences, five trans- 
plantation systems can be defined: 

1 . Isogeneic. Tissue transplanted from one individual to another individual with 
an identical genetic constitution (monovular twins) 

2. Autogeneic. Tissue transplanted from one place to another in the same individual 

3 . Allogeneic. Tissue transplanted from one individual to another of the same 
species 

4 . Xenogeneic (concordant). Tissue transplanted to an individual of a closely 
related species (e.g., chimpanze to man) 

5 . Xenogeneic (discordant). Tissue transplanted to an individual of a distantly 
related species (e.g., pig to man) 

Based on knowledge of the morphological changes that occur in human kid- 
ney graft biopsies, mainly obtained in situations with impaired renal graft func- 
tion [i], and from studies on experimental xenografting, the lesions attributed to 
transplantation may be divided into two basic groups: (i) lesions caused by his- 
toincompatibility specific for the transplant situation and (2) lesions due to nox- 
ious influences (physical, infectious, or side effects of medical treatment, includ- 
ing immunosuppressants). 

The histoincompatibility-mediated lesions are traditionally divided into three 
types of rejection: (1) hyperacute (humoral), (2) acute (cellular), and (3) chronic. 
However, sometimes no sharp limits exist between these conditions; a clear-cut 
distinction is difficult, morphologically as well as immunologically, because 
more than one type of rejection may be present simultaneously. Furthermore, 
changes secondary to noxious influences may modify any of the histoincompat- 
ibility-related lesions, both quantitatively and qualitatively. 

The morphology of xenografts varies with the animals used and with the dis- 
crepancy between the species. The mechanisms behind these variations are lar- 
gely unknown. However, in some xenografted organs the morphological manifes- 
tations are very much like those found in human allografts, implicating the 
possibility of similar pathogenetic mechanisms, which is why we use the descrip- 
tive terminology as applied in clinical transplantation. 

The pathogenesis of hyperacute rejection is known to be mediated by comple- 
ment activation [2]. The development of pigs being transgenic for human decay- 
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accelerating factor (hDAF), inhibiting the formation of classical and alternative 
pathways and C5 convertase [3], may in the future result in clinical trials of suit- 
able organs from these animals. The progress in modifying donor organs for 
human transplantation will most probably modify the morphological changes 
seen in hyperacute rejection and, furthermore, may mimic the acute rejection 
seen in human allografts. 

With this in mind, a group of renal pathologists, nephrologists and transplant 
surgeons (who met in Banff, Canada, in August 1991) has developed a schema for 
international standardization of nomenclature and criteria for the histological diag- 
nosis of renal allograft rejection [4, 5]. According to this classification, tubulitis and 
intimal arteritis are regarded as the principal lesions indicative of acute rejection. 
Tubulitis is also found in hyperacute rejection, but in this situation is completely 
“masked” by the pronounced tubular necrosis. In the acute allograft rejection, 
tissue damage is limited to a degree where the phenomenon of tubulitis is easily 
seen. 

The purpose of this chapter is to illustrate the morphological patterns that 
create a spectrum of lesions as seen in concordant and discordant renal xeno- 
grafts, and, furthermore, to illustrate the changes found in kidneys perfused in 
vitro with xenogeneic blood. Our personal experience is based on studies on 
transplantation of kidneys from different species (about 500 animals), and on 
isolated kidneys after perfusion with human blood (whole blood, platelet- poor, 
or leukocyte-poor) and plasma, and also with blood from other animals. Details 
of the results of these experiments have been published previously [6-23]. 

From our material (obtained mainly from untreated animals) some patterns 
have become clear and these will be illustrated by typical examples. In the 
legends to each figure, comment will be made of other situations where similar 
appearances have been documented. The lesions seen in various experimental 
models are summarized in Tables 1-3, which demonstrate the light microscopic 
“patterns” found in different xenotransplant situations. 



Methods 

The macroscopic changes that occurred in the donor kidneys were described by 
the colleagues who performed the transplantations and hemoperfusions. The 
results were recorded, but were not made available to the two pathologists 
who received biopsies. One of us (S. Larsen) received match-like pieces the 
size of needle-biopsies, whereas the other (H. Starklint) received median frontal 
slices of the whole kidney. 

For light microscopy, the tissue was fixed in buffered formalin. Paraffin sec- 
tions were stained with hematoxylin and eosin (H&E) supplemented with methe- 
namine-silver for basement membranes and with periodic acid-Schiff (PAS) and 
Frazer-Lendrum’s stains for platelets and fibrin, respectively. 

For electron microscopy, cortical tissues were “teased” into small fragments 
and fixed in 2.5% glutaraldehyde in a modified Tyrode buffer. Following post- 
fixation in osmium tetraoxide, specimens were treated conventionally, and ultra- 
thin sections were stained with uranyl acetate/lead citrate. 
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Table 1. Experimental renal xenografting in the hare-to-rabbit concordant model 




Group 


n 


Treatment/immune 

modulation 


Longest graft 
survival 


Histopathology^ 


Reference 


1 


10 


Control 


6 days 


Thrombocyte aggregation, vascular 
endothelial hyperplasia, interstitial 
mononuclear cell infiltration, 
vascular wall necrosis, thrombosis 


[8] 


2 


5 


Steroids, cytostatic 
agents 


6 days 


Thrombocyte aggregation, vascular 
wall necrosis, thrombosis 


[8] 


3 


10 


CSA 


98 days 


Mesangial cell hyperplasia, 
glomerular endo capillary hyper- 
plasia, interstitial mononuclear cell 
infiltration, tubular necrosis 


[8] 


4 


3 


CSA 

(10 mg/kg per day) 


10 days 


Thrombocyte aggregation 


[15] 


5 


7 


CSA 

(15 mg/kg per day) 


91 days 


Mesangial cell hyperplasia, 
thrombocyte aggregation 


[15] 


6 


8 


Presensitized with 
blood or skin grafts 


60 min 


Mesangial cell hyperplasia, 
glomerular endocapillary hyper- 
plasia, thrombocyte aggregation, 
glomerular thrombosis 


[20] 


7 


28 


Leflunomide, CSA, 
and splenectomy 


72 h 


Medullary tubular necrosis 


[23] 



CSA, cyclosporine. 

^No immune deposits were detected on the rejected kidney, except in group 6, where goat anti- 
rabbit polyglobulin and goat anti-rabbit C3 were present, and in group 7, in which IgM was 
consistently demonstrated after 24 h in the glomerular capillary wall and tubular capillaries. 



Table 2. Experimental renal xenografting in discordant models 



Group Donor/ 
recipient 


n 


Treatment 


Longest graft 
survival 


Histopathology^ 


Reference 


1 


Rabbit/cat 


16 


Steroids, cytostatic 
agents, cobra venom 
factor 


72 h 


Vascular endothelial 
hyperplasia, tubular 
necrosis 


[16] 


2 


Rabbit/cat 


40 


Steroids, cytostatic 
agents 


10 min 


Thrombocyte aggre- 
gation, thrombosis 


[16] 


3 


Rabbit/cat 


5 


Ticlopidine^, cyclos- 
porine, cobra venom 
factor 


4 days 


Tubular necrosis 


[14] 


4 


Pig/rabbit 


5 


Dazoxiben 


40 min 


Thrombocyte 

aggregation 


[12] 


5 


Pig/rabbit 


5 


Control 


60 min 


Thrombocyte 

aggregation 


[12] 


6 


Rabbit/pig 


5 


Control 


45 min 


Thrombocyte 

aggregation 


[14] 


7 


Rabbit/pig 


5 


Control 


60 min killed 


Thrombocyte 

aggregation 


[14] 


8 


Rabbit/cat 


13 


Cobra venom factor 


7 days 


Tubular necrosis 


[13] 


9 


Rabbit/cat 


50 


Various agents (no 
cobra venom factor) 


60 min 


Thrombocyte 

aggregation 


[13] 



® Immune deposits on the rejected kidney were not looked for in group 3 and were undetectable 
in the other groups. 

’^An antiplatelet agent. 
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Tables. Experimental hemoperfusion of rabbit kidneys using human blood (discordant model) 


Group n 


Treatment 


Longest graft 
survival (min) 


Histopathology^ 


Reference 


1 5 


Control 


30 


Thrombocyte aggregation, vascular 
wall inflammation, tubular 
necrosis (on electron microscopy, 
the endothelium was seen to be 
loosened) 


[10] 


2 5 


Control 


24 


Thrombocyte aggregation 


[13] 


3 5 


Platelet-poor human 
blood 


60 


Thrombocyte aggregation 


[13] 


4 5 


Prostacyclin 


60 min 


Thrombocyte aggregation 


[13] 



® Rabbit anti-human IgM and IgG were detected on the kidney in all groups, and rabbit anti- 
human C3 was detected in groups 2-4. 



Tissue for immunofluorescence microscopy was frozen using dry ice and 
blocked in Tissue-Teck® gelatine (Ames Laboratory) before 1-2 pm sections 
were cut at -24 °C. The sections were mounted on clean slides and treated by 
a direct fluorescent technique [20]. 



Types of Lesions (Tables 1-3) 

Definitions of Lesions (Light Microscopy) 

1. Mesangial cell hyperplasia (Fig. i). Increased number of cells localized to the 
mesangium. 

2. Glomerular endo capillary hyperplasia (Fig. 2). Increased number of intralu- 
menal cells, which may be of endothelial origin or inflammatory mononuc- 
lear cells. Often a combination of mesangial cell and endocapillary cell 
hyperplasia is seen in the same glomerulus (endomesangial hyperplasia). 

3. Thrombocyte aggregation (Fig. 3). Presence of thrombocytes localized to the 
lumena, focally or disseminated, as small clots or occluding aggregates in 
the arterial vessels, juxtaglomerular arterioles, and capillary loops of the glo- 
meruli. 

4. Vascular endothelial hyperplasia (Fig. 4). Increased number of endothelial 
cells resulting in a reduction or occlusion of vascular lumena. 

5. Interstitial mononuclear cell infiltration (Fig. 5). The cells in interstitial infil- 
trates are mainly mononuclear cells, i.e., small and large lymphocytes, 
macrophages and, to a lesser degree, plasma cells. 

6. Arteritis (Fig. 6). The lesions are most severe in medium-sized and small 
arteries where the endothelial cells are slightly hyperplastic with hydropic 
degeneration and often piled up in two layers. The intima is thickened due 
to edema, and accumulation of mononuclear cells is often present. Fibrin 
may cover parts of the lumenal surface or is seen as droplets in the thickened 
intima. The media is often infiltrated by mononuclear cells. 
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Fig.1. Diffuse and global 
mesangial widening and 
hyperplasia in a hare kidney 
transplanted into a rabbit. 
X830, methenamine-silver 



Fig. 2. Focal proliferation of 
mesangial and endothelial 
cells with accentuated mesan- 
gium at the vascular pole in a 
hare kidney transplanted into 
a rabbit (X400, H&E). Glo- 
merulonephritis-like appear- 
ances were especially found in 
the hare-to-rabbit model, but 
were also seen in (a) rabbit 
kidneys autotransplanted fol- 
lowing perfusion with human 
blood, (b) hare kidneys 
transplanted into splenecto- 
mized rabbits, and (c) rabbit 
kidneys flushed with human 
whole blood or plasma 
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Fig. 3. Tightly packed platelets 
in the glomerular capillary 
tuft, the efferent arterioles, 
and an interstitial arteriole. 
The section is from a rabbit 
kidney transplanted into a cat, 
without treatment. X300, 
H&E-PAS 



Fig. 4. Acute rejection of a 
kidney transplanted from hare 
to rabbit. The interlobular 
artery shows an intense 
endothelial proliferation, and 
the surrounding mononuclear 
infiltrate is pleomorphic with 
blasts and lymphocytes 
(X480, H&E-PAS). These 
findings were seen almost 
exclusively in xenotransplants 
between hare to rabbits, but 
were also observed on a few 
occasions in autotransplanted 
rabbit kidneys after they had 
been perfused with human 
blood 





Fig. 5a,b. Acute rejection of kidney transplanted from hare to rabbit, a The kidney tissue is fairly 
well preserved. A mantle of mononuclear cells is seen around the vessels (X63, H&E). b A severe 
endothelial proliferation exists, segmentally blended, which obscures the different components of 
the vessel wall. The mitotic figure is in an endothelial cell (arrow). X125, H&E 





Histopathology of Kidney Xenograft Rejection 



235 



Fig. 6. a Interlobar artery with 
a nearly empty lumen showing 
a loosened endothelium sur- 
rounded by granulocytes 
(including eosinophils) and 
mononuclear cells present in 
the intima and media (X240, 
H&E). 





b Immunofluorescence microscopy illustrating an interlobar artery with granular deposits of rab- 
bit anti-human IgM localized to the endothelium, which in small areas is loosened. An equal pat- 
tern and distribution were shown using anti-human fibrin/fibrinogen and C3. Inflammatory reac- 
tions related to the endothelial lining (intima and/or media) showed a wide spectrum of 
morphological alterations in different experiments, but also in different kidneys in the same 
experimental model. It was found in perfusion and flush experiments using rats, rabbits, and 
pigs as donors and humans (blood and plasma), rabbits, and cats as recipients. It could also 
be seen when kidneys from hares and pigs were transplanted into presensitized rabbits 
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7. Vascular wall necrosis (Fig. 7). The lesion is often fibrinous in its staining 
quality. Initially, the inner part of the media is involved. Larger areas with 
destruction of the internal elastica and intima may be seen in later stages. 
If arterial necrosis is accompanied by leukocyte infiltration in the media, 
the use of the term “arteritis” may be justified. 

8. Tubular necrosis (Fig. 8). Partial tubular necrosis, most often subcapsular, is 
seen in a few tubular profiles or as small areas surrounded by groups of pre- 
served tubules. Necrosis may affect single tubular cells, small groups, or the 
total tubular epithelium. The nuclei show pyknosis; later on, all cytologic 
details may disappear. Calcification of necrotic proximal tubular cells may 
be seen. 

9. Tubulitis (Fig. 9). Infiltration of tubular epithelium by leukocytes, usually 
lymphocytes. 

10. Thrombosis (Fig. 10). Arterial vessels or glomerular capillary loops where 
lumena are partially or totally occluded with fibrin material containing red 
blood cells and/or thrombocytes and/or granulocytes. 




Fig. 7. Hyperacute rejection of a kidney transplanted from hare to rabbit. Left, an interlobular 
artery shows necrosis and deposition of fibrin in its wall. Right, a typical glomerulus contains 
fibrin that tapers and occludes the capillary lumen. The tubules are severely damaged by ische- 
mia with heavy interstitial edema and few inflammatory cells. This pattern was nearly exclusively 
found in the hare-to-rabbit model. A few examples were seen when rabbit kidneys were auto- 
transplanted following perfusion with human blood. X830, Frazer Lendrum 
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Fig. 8. Subcapsular area in a rabbit kidney transplanted into a cat, which survived for iweek 
while receiving cobra venom factor once every day. Totally and partially necrotic tubules, 
some calcified, are seen. A few mitotic figures (arrow) suggest some capacity for regeneration. 
Tubular necrosis was found in many xenografted models, but was most frequent and extensive in 
cats treated with cobra venom factor (Table 2). This suggests that this compound is tubulotoxic, 
as are certain other snake poisons. However, in other experimental groups, small areas demon- 
strated necrosis of what appeared to be proximal tubules. Such changes were observed in hare- 
to-rabbit transplants, and following perfusion of goat kidneys with blood from rabbits, cats, and 
man. Many of the transplanted animals received cyclosporine, usually in dosages of approxi- 
mately 15 mg/kg per day, which in our experience is not toxic to the tubules to the extent 
seen in the experiments [22]. X830, H&E 



Results 

From a technical point of view, most of the investigated tissues were satisfactorily 
preserved. Some of the experimental situations, however, led to heavy tissue 
damage, making detailed interpretation difficult or even impossible. Methena- 
mine-silver stain for basement membranes, which is of great importance for 
diagnosis in the human kidney, was often difficult to interpretate in the experi- 
mental animals. The ‘‘staining window” between good visualization of peripheral 
membranes and overstaining, especially of the mesangial area, is very narrow. 
Therefore, in doubtful cases we recommend the use of series of impregnation 
times in order to ensure a clear picture of the different structures. The main pur- 
pose of the electron microscopic studies was to verify the presence of platelets 
and to evaluate both their granularity and relation to endothelial cells. 

The morphological features seen can be summarized under the following diag- 
nostic headings. 
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Fig. 9. Tubulitis. Longitudinal 
section of a tubule. Note the 
clear space that usually sepa- 
rates lymphocyte nuclei 
(arrows) from adjacent cells. 
X240, methenamine-silver 




Morphological Conditions Seen Mainly in Concordant Xenograft Rejection 
(Table 1) 

1 . Hyperacute rejection. A widespread glomerular micro thrombosis was found, 
i.e., not confined to a single area of the kidney and thus presumably not 
related to infarction of the transplanted organ (Fig. 7). 

2. Acute rejection. Perivascular and interstitial infiltrates of lymphoid cells 
accompanied by varying degrees of endothelial proliferation were found 
(Figs. 4, 5). The composition of the infiltrates varied with the maturity and dif- 
ferentiation of lymphocytes, some exhibiting a great number of plasma cells. 

3 . Mixed-picture hyperacute and acute rejection (Fig. 10). This was seen in some 
cases and was related to accelerated rejection. 

4 . Chronic rejection of glomerular type (Fig. 11). Glomerular cellular proliferations 
and membranous-like patterns were found in long-term survivors accompa- 
nied by immune complex deposition diagnosed by immuno fluorescence. 
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Fig.10a,b. In some cases of hare-to-rabbit concordant xenotransplantation, a mixed picture of 
hyperacute and acute rejection was seen, a The glomerulus contains fibrin along the capillary 
walls, but this was not seen in all glomeruli. Apart from the presence of edema and interstitial 
bleeding the tissues are rather well preserved. X240, Frazer- Lendrum. b A great number of par- 
enchymal vessels showed mantles of mononuclear cells. X240, H&E. This mixed picture was 
solely found in the hare-to-rabbit kidney transplantations 
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Fig.11a-c. Chronic glomerular rejection was diagnosed in a few long-term surviving nephrecto- 
mized rabbits transplanted with a hare kidney, a Some interstitial fibrosis and mononuclear cell 
infiltration can be seen. X63, H&E. b A slight glomerular hypercellularity and thickened periph- 
eral basement membranes. X200, H&E. c These membranes are duplicated in some loops 
(arrow). X200, methenamine- silver. These were rare findings, seen only in rabbits transplanted 
with hare kidneys and who had received cyclosporine (15 mg/kg per day i.m.) for 30 days, the 
animals surviving 9-13 weeks 



5 . Glomerulonephritis-like alterations. This was observed in cases with either 
focal segmental or diffuse global mesangial cell hyperplasia and/or endocapil- 
lary hyperplasia (Figs. 1, 2). Not all of these were accompanied by immune 
deposits. Differentiation from the chronic rejection of glomerular type (as 
described in point 4) was certainly problematic and mainly related to graft 
survival time. Glomerulonephritis-like alterations were found more frequently 
than chronic rejection of glomerular type. 

6. Venous endothelium paved with neutrophile granulocytes. The classical light- 
microscopic picture of the inflammatory response was found in untreated 
hamster-to-rat kidneys from day 3 in parenchymal veins and peritubular capil- 
laries not accompanied by platelet aggregation or fibrin thrombi. Polyreactive 
xenoantibodies increased rapidly at the same time (Figs. 12-15). 
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Fig. 12. a Straight part of nephrons in the medullary ray with inflammatory response in veins and 
peritubular capillaries not accompanied by platelet aggregation of fibrin thrombi. X120, HScE. 
b Extensive pyknosis and loosening of the epithelial cells. X240, H&E. This phenomenon has 
only been met after perfusion of rabbit kidneys with human blood. It is not clear whether it 
is the result of a technical problem or a feature of ischemia secondary to platelet aggregation 
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Fig. 13. Necrotic tubular profiles in the outer medulla of a hamster kidney transplanted to a Lewis 
rat (after 24 h). The alterations were followed by a few, scattered single necroses of cortical 
tubules, not differing from those found in syngeneic controls (surgical trauma). X220 




Fig. 14. Same kidney as seen in Fig. 13. After 24 b, immunofluorescence showed IgM antibodies 
along the glomerular basement membrane and in the wall of the peritubular capillaries. The 
intensity increased until 36 h, which is shown in this figure. After 48 h, polyreactive xenoantibo- 
dies were rapidly increasing, as measured by a hemolytic assay 





Fig. 15. Same kidney as seen in Figs. 13 and 14. Parenchymal veins with preserved endothelial lin- 
ing paved with neutrophil granulocytes. A similar picture was found in the peritubular capil- 
laries. The kidney structure was preserved with the exception of extensive tubular necrosis of 
the outer medulla. On day 5, the kidneys were completely necrotic. X220 



Morphological Conditions Seen Mainly in Discordant Xenograft Rejection 
(Tables 2, 3) 

1 . Tubular necrosis. Necrotic and desquamated epithelium was seen in proximal 
tubules, and not attributed to infarction. The basement membranes of the 
necrotic tubules were intact. No inflammatory reaction was found. A possible 
sequel, in the form of calcified tubular epithelium, was a frequent finding in 
all animals, especially rabbits (Fig. 8). 

2. Platelet aggregation. Diagnosed by light microscopy or, preferably, ultrastruc- 
turally (Figs. 3, 16), platelets were found in glomerular capillaries and some- 
times in parenchymal arteries. Aggregation could be accompanied by fibrin 
deposits and the presence of either neutrophils or, especially in the rabbits, 
eosinophilic granulocytes. The number of platelets varied with the experimen- 
tal design and the species used. The significance of these findings remains 
unclear. Platelets could demonstrate preserved granules or be degranulated; 
the significance of this difference remains uncertain. Pseudopodia could be 
found in relation to the surfaces of endothelial cells, without apparent reaction 
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Fig.16a-c. Electron micrographs from glomerular capillary loops in a rabbit kidney transplanted 
into a cat. a The endothelial cell in the center is edematous but preserved, as is the fenestrated 
endothelial cytoplasm peripheral to the erythrocytes (arrows). X5960, uranyl-lead. b The framed 
area in a showing the contact between a platelet (asterisk) and an endothelial cell. X 17 520. 
c Basement membranes from two neighbouring capillary walls. Lefty endothelial cell cytoplasm 
with edema and proximity to red blood cells. Righty fenestrated and preserved endothelial cyto- 
plasm in apposition to platelets; the foot-process in between (asterisks) is flattened. X 26 700 
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Fig. 16c. 



in the latter (Figs. 17-19). Platelet aggregation was sometimes accompanied by 
damage and/or removal of endothelial cells, and in such cases the platelets 
were frequently found together with granulocytes. This could occur in glomer- 
ular capillaries and/or parenchymal arteries (Fig. 6, 20, 21). 

3. Glomerular microthrombosis. This consisted mainly of fibrin, but was often 
accompanied by granulocytes and, in the parenchymal arteries, by thrombosis 
and granulocytic adhesion to endothelial cells, the latter often showing degen- 
eration and/or necrosis (Fig. 22). 

4. Distinct tubular pyknosis. This was presumably located in the straight part of 
the proximal tubules or the thick ascending part of the distal tubules, and was 
found in the medullary ray with well-preserved collecting tubules (Fig. 12). 
This condition was seen exclusively in the hemoperfusion experiments 
(Tables). 
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Fig. 17. Parenchymal artery from rabbit kidney transplanted into a nephrectomized cat without 
treatment. The endothelial cells (E.C.) are intact in spite of close apposition to partly degranu- 
lated platelets (P.). £, elastic lamina; SM, smooth muscle cell. This appearance, with severe aggre- 
gation of platelets in vessels without morphological damage to the endothelium and with no 
inflammatory response apart from edema, was seen in (i) rabbit kidneys transplanted into 
cats, (ii) rabbit kidneys transplanted into baby pigs that were presumed to be antibody free, 
and (iii) following perfusion of rabbit, rat, and goat kidneys with human blood. X8960, ura- 
nyl-lead 



Comment 

Light, electron, and immunofluorescence microscopy alone have demonstrated 
significant morphological results. However, these methods are restricted to struc- 
tural alterations and are of limited value in giving us a detailed understanding of 
graft rejection. The multifactorial influences on the graft and the complexity of 
the mechanisms involved in the immune response are major factors making 
the interpretation of histological findings difficult. 

The application of methods that detect changes at the macromolecular level 
has proved valuable in further enlightening problems in human allografting. 

DNA technological methods, e.g., northern blotting. Southern blotting, in situ 
hybridization, polymerase chain reaction (PCR), and immunochemical techni- 
ques, e.g., immunohistochemistry, enzyme-linked immunosorbent assay 
(ELISA), have provided valuable information concerning gene expression and 
the presence of human complement inhibiting proteins. 
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Fig. 19 a,b. Two capillary loops from the same glomerulus in a rabbit kidney perfused with human 
plasma, a Denuded basement membrane with possible residuals of endothelial cytoplasm 
(arrows). X8960). b Preserved endothelium with granulated platelets and sparse fibrin (asterisk) 
in the lumen. X8960, uranyl-lead. Accumulation of platelets with endothelial damage, but with- 
out significant inflammatory response (with initially granulocytes, but also fibrin) was found 
mainly in perfusion experiments simulating discordant xenografting. It was also seen following 
transplantation of hare kidney to rabbits presensitized with repeated skin grafts or transfusions 
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Fig.20a,b. Rabbit kidney perfused with human blood, a Two glomeruli containing platelets 
{straight arrow) and a few granulocytes (curved arrows) in the capillary lumena. X200, H8cE). 
b Immunofluorescence microscopy showing a glomerulus with deposits of rabbit antihuman 
IgG in a granular pattern along the basement membranes in the capillary loops and to a lesser 
degree in the mesangium 
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Fig. 20c. A glomerulus (from the same experiment as b) shows granular pattern and distribution 
of rabbit antihuman C3 very similar to that of rabbit antihuman IgG 




Fig. 21. Arcuate artery from rabbit kidney perfused with human blood. Lefty in the partially obli- 
quely cut lumen, there are red blood cells; middle, platelets (arrow); right, fibrin. X200, H&E 
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Fig.22a,b. Baby pig kidney flushed with human blood, a The partly immature glomerulus con- 
tains a moderate number of platelets. In the interlobular artery, the lumen is stuffed with neu- 
trophils, platelets and sparse fibrin. X200, H&E. b Immunofluorescence microscopy illustrating 
rat antihuman IgG localized along the endothelial parts of the arterioles and the capillary loops 
in the glomeruli 
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Further research is needed employing these methods in vitro and in vivo, with 
special regard to the cellular constituents - e.g., phenotypes, receptors, signal 
hormones (cytokines), major histocompatibility complex (MHC) system (la anti- 
gens), adhesion molecules - involved in the activation and effectuation of the 
immune response. These methods, together with standardized histological exam- 
ination [5], will increase our understanding and treatment of rejection. Appropri- 
ate treatments for the various pathogenetic types of rejection may then be 
achieved. 
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Introduction 

The establishment of cardiac transplantation as a routine treatment for end-stage 
cardiac failure has placed ever-increasing demands upon human organ donation. 
Despite increased public acceptance of organ donation, human sources of trans- 
planted hearts are insufficient to meet the demand. While formidable problems, 
particularly that of hyperacute rejection (HAR), stand in the way of cross-species 
organ transplantation, the great shortage of human donor hearts has led to 
renewed interest in xenotransplantation and, consequently, in finding a means 
of preventing HAR. 

While the pathology of both acute and chronic cardiac allograft rejection has 
been well documented [i, 2] the morphology of hyperacute (antibody-mediated, 
vascular, humoral) rejection is less well known. Cardiac xenografts have been 
used in isolated instances in humans in attempts to save the life of a patient 
for whom no human donor heart was immediately available [3-5] (Chap. 56). 
Many experiments have been performed to try and further understanding of 
the etiology and pathogenesis of humoral rejection [6-41]. Present knowledge 
of the pathology of hyperacute rejection is mainly based upon the findings in 
experimental animals. 

HAR is believed to be initiated by the presence of preformed antibodies which 
have resulted from prior antigenic stimulation by blood transfusions, pregnancy, 
or previous tissue allografts, or to be associated with ABO blood group incom- 
patibility or cross-species differences. The latter is presently not a clinical prob- 
lem, since cardiac xenografts are not used to treat patients, but may become one 
in the future. Pathologists may encounter HAR where cross-species experimental 
transplants have been performed. There are no significant morphologic differ- 
ences between the HAR that occurs in allografts and that which occurs in discor- 
dant xenografts. 

Varying levels of antibody may be present in one species against a closely 
related species. In general, the greater the phylogenetic disparity of the two spe- 
cies, the greater will be the titer of species-specific antibody. Antibody-mediated 
rejection usually takes place rapidly within a few minutes or hours and usually 
within 24 h following an organ being transplanted between widely disparate spe- 
cies. The process may take several days to develop in more closely related spe- 
cies. There is increasing evidence that even when transplantation is between clo- 
sely related species, the presence or development of antibodies plays a significant 
role in the development of rejection. Although immunosuppression may delay the 
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changes of antibody- mediated rejection beyond the initial 24-h period following 
the transplant, from the perspective of light microscopy the process appears to be 
the same. The term “delayed vascular rejection” is sometimes used to cover this 
type of rejection response when it occurs later than 24 b post-grafting. 

While neutrophils have been regarded as an important component of HAR 
(analogous to their role in the Arthus phenomenon), hyperacute cardiac xeno- 
graft rejection in the rat model shows the usual pattern of vascular myocardial 
damage in the absence of neutrophils. In personal experience with hyperacutely 
rejected xenografts [24-34, 36, 42, 43, 46], in which extensive interstitial hemor- 
rhage was the predominant feature, a significant number of neutrophils accom- 
panied the interstitial hemorrhage. However, the ratio of white to red blood 
cells was the same as that encountered in the peripheral blood. Forbes et al. 
[17] do not exclude the possibility that neutrophils may play a role in the produc- 
tion of myocardial injury in the later stages of humoral rejection. 

Others have focused upon the role that various components of complement 
may play in the pathogenesis of HAR [23]. Experiments in C6-deficient rabbits 
show that activity of the sixth component of complement is needed for HAR 
to occur. Likewise in studies on recipient hemolytic C3 activity, it has been 
shown that complement activation by graft-bound antibody is an important 
effector mechanism for humoral rejection in an inbred rat model [35]. Depletion 
of the third component of complement by cobra venom factor has also led to pro- 
longed survival of xenografts [42, 43]. Rats with a hereditary platelet function 
defect are able to effect HAR [17]. The role of antibody to the vascular endothe- 
lial cells in early rejection in patients undergoing cardiac transplantation is 
receiving attention [44, 45]. 



Macroscopic Appearances 

of the Donor Heart During Hyperacute Rejection 

Heterotopically transplanted hearts, whether from closely related or widely dis- 
parate donor species, usually begin beating satisfactorily in sinus rhythm either 
spontaneously or after electrical defibrillation. The hyperacutely rejecting heart 
initially becomes swollen and distended with blood over a period of only a 
few minutes. The normal pink-colored myocardium is replaced by a dusky, cya- 
notic hue. The observed macroscopic changes are compatible with a venous type 
infarction of the heart. Shortly after these changes develop, graft function 
becomes seriously compromised. 



Histopathology of Xenograft Rejection 

Longer-surviving concordant xenografted hearts, when heavily immunosup- 
pressed with pharmacologic agents (Table 1) undergo typical cellular rejection. 
In our experience, however, unmodified cellular rejection is uncommon in 
non-immunosuppressed cardiac xenograft models, since antibody-mediated 
rejection is so common. 
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Table 1. Histopathology of rejection and survival periods of selected heterotopic cardiac allografts 
and xenografts in the baboon 


Group 


n 


Type of rejections^ 






Graft survival 






Vascular 


Mixed 


Cellular 


None 


Mean 

(days) 


SD 


Allografts (baboon-to-baboon) 


1. No IS 


10 


0 


0 


10 


0 


11.0 


5.6 


2. ABO-incompatible, no IS 


9 


2 


2 


5 


0 


12.4 


11.7 


3. CSA, MP 


10 


0 


0 


1 


9 (1) 


>30.0 


- 


4. ABO-incompatible, CSA, MP 


8 


2 


1 


4 (1) 


1 


22.5 


12.0 


Concordant xenografts (vervet monkey-to-baboon) 
5. No IS 9 5 


4 


0 


0 


10.3 


5.2 


6. ABO-incompatible, no IS 


9 


3 


2 


4 


0 


73 


5.6 


7. CSA, AZA, MP 


6 


1 


0 


5 (2) 


0 


13.0 


8.2 


8. ABO-incompatible, CSA, AZA, MP 


5 


1 


1 


3 (1) 


0 


11.4 


11.2 


9. CSA, AZA, MP } i.v. MP 


5 


1 


0 


3 


1 (1) 


19.0 


21.8 


10. RATG, CSA, AZA, MP } therapy for 


6 


1 


0 


2 


3 (3) 


43.3 


18.5 


} rejection 

11. 15-DS, CSA, ZA, MP } episodes 


7 


1 


0 


2 


4 (4) 


20.1 


11.5 


12. 15-DS, CSA, MP} 


5 


0 


3 


1 


1 (1) 


35.6 


14.2 


13. TLI, CSA, AZA, MP} 


5 


0 


1 (1) 


3 (3) 


1 (1) 


16.2 


9.8 


14. ABO-incompatible, TLI, CSA, AZA, 


5 


2 (1) 


0 


1 (1) 


2 (1) 


17.8 


10.5 


MP 
















Discordant xenografts (pig-to-baboon) 


15. No IS^ 


4 


4 


0 


0 


0 


- 


- 


16. Splenectomy'^ 


3 


3 


0 


0 


0 


- 


- 


17. CSA, AZA, MP^^ 


5 


5 


0 


0 


0 


- 


- 


18. Antibody adsorption‘s 


7 


7 


0 


0 


0 


- 


- 


19. Antibody adsorption, CSA, AM A, 


4(1) 


4 


0 


0 


0 


- 


- 


MP^ 

















IS, immunosuppressive therapy; CSA, cyclosporine; AZA, azathioprine; MP, methylprednisolone; 
15-DS, 15-deoxyspergualin; TLI, pretransplant total lymphoid irradiation; RATG, rabbit antith- 
ymocyte globulin. 

^Individual experiments: 40, 60, 180, 480 min. 

'^Individual experiments: 30, 350, 480 min. 

Individual experiments: 15, 15, 40, 75 min, 5 days. 

‘^Individual experiments: 360, 480 min, 0.5, 4, 4, 4, 4, 5 days. 

^Individual experiments: 480 min, 0.5, 1, 4 days 

^Figures in parentheses denote number of recipients that died. 





Fig.1. a Thrombosis occludes a 
tributary (top right) of a sub- 
epicardial vein. The deeper 
myocardium (bottom) shows 
focal hemorrhages, while the 
superficial myocardium 
appears edematous (pig-to- 
baboon). H&E, Xio. b High- 
power view of thrombosis in 
venule seen in a. Interfascicu- 
lar edema is present in the 
surrounding myocardium 
(pig-to-baboon). H8cE, X50 
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Antibody-Mediated (Hyperacute, Vascular, Humoral) Rejection 

The classical concept is that, if the antibody titer is high enough, one may have 
antibodies coming into immediate contact with the donor heart vascular 
endothelium, and, in association with complement deposition, this may cause 
direct injury or destruction of the endothelial lining cells. Recent experimental 
work suggests that the humoral rejection response may be suppressed in some 
closely related animal models for as long as days, weeks or months by a combi- 
nation of certain drugs, some of which are not yet available for clinical use [32, 
36]. Surviving endothelial cells may show prominent mitotic activity in an 
attempt to re-endothelialize the vessel; such attempts are usually inadequate. 

The earliest thrombi are noted within venules (Fig. ia,b) both draining into the 
epicardium and in smaller tributaries lying within the myocardium. Swelling and 
activation of capillary endothelial lining cells is also noted. This is soon followed 
by severe capillary congestion (Fig. 2) involving most of the myocardium. Inter- 
fascicular edema of the myocardium also becomes prominent. This is followed by 
subendocardial, interstitial hemorrhage, which initially may be focal (Fig. 3), but 
soon becomes extensive, and may extend to involve the inner half of the myocar- 
dium (Fig. 4). The outer half of the myocardium usually shows edema only 
(Fig. 5). The capillary destruction is thus zonal, and this suggests that hemody- 
namic forces on the capillaries secondary to venous thrombosis, rather than a 
direct antibody effect, is important with regard to the changes in the capillaries. 
HAR pathologically has features suggestive of a venous infarct of the heart. Sec- 
ondary degenerative changes, including contraction band necrosis may become 
evident in the myocytes. In severe cases, the graft may ultimately become totally 
necrotic. 




Fig. 2. Severe capillary congestion in early hyperacute rejection of a cardiac xenograft (pig-to- 
baboon). H&E, X150 
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Fig. 3. Focal interstitial hemorrhage {bottom) is associated with thrombosis and congestion of a 
venule {middle) and surrounding capillary congestion (pig-to-baboon). H&E, X150 




Fig. 4. Diffuse, severe (subendocardial) interstitial hemorrhage is noted in this hyperacutely 
rejected cardiac xenograft (pig-to-baboon). H&E, X200 
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Fig. 5. Severe interfascicular edema separates fascicles of myocytes around a thrombosed venule 
(pig-to-baboon). H&E, X280 



Mixed Cellular and Antibody-Mediated Rejection 

Mixed cellular and antibody-mediated rejection [34] (Figs. 6, 7) is characterized 
by prominent focal perivascular collections of lymphocytes which extend in a 
limited fashion between adjacent myocytes. Elsewhere the myocardium shows 
typical features of antibody-mediated rejection as detailed earlier. The modest 
number of lymphocytes present does not appear to be sufficient to explain 
very extensive microvascular damage or myocyte necrosis on the basis of acute 
cellular rejection alone. Lymphocytic infiltration is not a characteristic feature 
of pure antibody-mediated rejection. 



Modification of Xenograft Rejection by Pharmacological Immunosuppression in 
Concordant Xenografts (Vervet Monkey-to-Baboon) 

Survival of vervet monkey hearts transplanted into ABO-compatible non-immu- 
nosuppressed baboons (Table 1) did not differ significantly from that of allo- 
grafts. HAR or mixed cellular and antibody-mediated rejection was seen in all 
cases. Rejection occurred in one animal within 24 b. When xenografting was per- 
formed between ABO-incompatible pairs, mean survival time was reduced, 
mainly through the occurrence of HAR (sometimes occurring within ih) in a 
third of cases. Post-transplant immunosuppression with cyclosporine (CSA), 
azathioprine (AZA), and methylprednisolone (MP) did not significantly prolong 
cardiac xenograft survival in either ABO-compatible or ABO-incompatible pairs, 
and there were still instances of HAR, particularly in the ABO-incompatible 
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group. When rejection episodes were treated by bolus MP therapy, graft survival 
was significantly extended. The addition of rabbit antithymocyte globulin to the 
induction immunosuppressive regimen and antirejection therapy (in the form of 
bolus MP) extended graft survival significantly, but there was a 50 % recipient 
mortality due to infection, diarrhea and other side effects. When maintenance 
CSA, AZA, and MP therapy was combined with 15-deoxyspergualin, and rejection 
episodes were again treated with bolus MP, graft survival was prolonged, but four 
of the seven recipients (57%) died of treatment-related complications. If 15-deox- 
yspergualin was combined with maintenance CSA and MP only, and MP used for 
acute rejection episodes, there was a reduction in the treatment-related mortality 
to 20 % and a prolongation of xenograft survival. 

In the myocardial biopsies taken from grafted hearts in these four groups, 
acute cellular and mixed rejection predominated, but HAR was still seen in 
some cases. The mean number of rejection episodes seen in these groups ranged 
from 0.8 to 2.5 episodes per animal. 



Rejection in Discordant Xenografts (Pig-to-Baboon) 

Discordant xenografting between pig and unmodified baboon resulted in histo- 
pathological features of hyperacute rejection in every case. Neither splenectomy 
nor pharmacological immunosuppression increased mean survival time of the 
grafts, but pretransplant hemoperfusion of donor pig kidneys by the recipient 
baboon (to absorb out the preformed antibodies on the kidneys before exposing 
the heart) increased graft survival significantly in four of seven hearts. Neverthe- 
less, all four hearts eventually showed typical features of delayed vascular rejec- 
tion at the time that function ceased even though cessation of function took 
4-5 days to occur. The addition of pharmacologic immunosuppression to pre- 
transplant hemoperfusion did not lead to any further prolongation of graft sur- 
vival. Discordant xenografts treated with cobra venom factor and pharmacologic 
immunosuppression (with or without pretransplant splenectomy), however, have 
survived for <25 days [42, 43], although delayed vascular rejection gradually 
developed during this period. 



Grading of Antibody-Mediated Rejection 

If future attempts to introduce xenografting into clinical practice prove success- 
ful, it will be essential to have a clinically relevant, reproducible grading system 
for antibody-mediated rejection. Rose and Cooper [46] have proposed a grading 
system for antibody-mediated rejection which may be used in both experimental 
studies and in the clinical situation. The grading system has the following two 
major categories: grade A (unmodified antibody-mediated rejection) and grade 
B (mixed antibody-mediated and acute cellular rejection). Both grades A and 
B are subcategorized into mild, moderate, or severe subgrades. 
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Grade A: Unmodified Antibody-Mediated Rejection 

1. Mild. This initial mild phase shows venous thrombi and swelling and activa- 
tion of capillary endothelial cells. Myocytes appear normal and capillaries are 
intact. 

2. Moderate. In addition to the features described above, congestion of capillaries 
followed by interfascicular edema are seen. Sludging of red blood cells occurs 
with the development of occasional thrombi within capillaries. Focal intersti- 
tial hemorrhage develops in the inner layers of the myocardium. 

3. Severe. In addition to the features noted above, disruption of capillaries, often 
subtended by thrombosed venules, is noted. Interstitial hemorrhage may be 
widespread throughout all layers of the myocardium, but is maximal in the 
inner half of the myocardium. Focal myocyte necrosis may develop, and this 
may become extensive. Vascular thrombosis becomes obtrusive in venules, 
capillaries, and in some arteries. In delayed vascular rejection, some thrombi 
may show signs of organization. 



Grade B: Mixed Antibody-Mediated and Acute Cellular Rejection 

This may show any of the three above-described grades of antibody-mediated 
rejection plus interstitial lymphocytic infiltration (i.e., acute cellular rejection). 
Such mixed rejection is usually not seen within the first 7-10 days following 
grafting. Delayed vascular rejection is superimposed upon acute cellular rejec- 
tion. Focal aggregates of lymphocytes are present within the edematous, hemor- 
rhagic myocardial interstitium. 



Ultrastructure of Antibody-Mediated Cardiac Rejection 

Electron microscopy [6, 7, 13, 17, 20, 48, 49] of hyperacutely rejecting cardiac 
xenografts (Figs. 8-12) may yield either few pathologic alterations or evidence 
of severe graft destruction, depending upon (a) the stage at which the biopsy 
is taken and (b) the layer within the myocardium from which the biopsy is 
obtained (for example, interstitial hemorrhage is rarely seen away from the sub- 
endocardium). The major described features, namely varying combinations of 
capillary occlusion due to platelet and fibrin thrombi (Figs. 8-12) and endothelial 
cellular swelling, may not be obvious in many cases of HAR. 

In experimental studies [50], platelet thrombi were more frequently seen in 
porcine xenografts in dogs than in baboons. Electron microscopy findings should 
always be cautiously interpreted in the light of the clinical data and light micro- 
scopy. 
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Fig. 8. Electron photomicrograph showing early platelet aggregation within a capillary of a hyper- 
acutely rejecting cardiac xenograft (pig-to-dog). Original magnification, X 18000 
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Fig. 9. Electron photomicrograph showing hyperacute rejection of a pig heart lomin after trans- 
plantation into a dog. Aggregated platelets can be seen within a capillary, which also shows a 
prominent endothelial cell nucleus. Original magnification, X 12000 
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Fig. 10. Electron photomicrograph showing severe capillary luminal obstruction due to aggrega- 
tion of platelets, many of which appear degranulated (pig-to-dog). Original magnification, 
Xl2 000 



Fig. 11. Electron photomicrograph showing degranulated aggregated platelets occluding most of 
the lumen of a capillary in a hyperacutely rejecting porcine cardiac xenograft in a canine reci- 
pient 13 min after transplantation. Original magnification, X 12 000 
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Fig. 12. Electron photomicrograph shows the lumen of a capillary to be occupied by dark-staining 
fibrin strands which lie between two erythrocytes. Hyperacute rejection of porcine cardiac xeno- 
graft in a baboon at 3h. Original magnification, X 15000 
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Introduction 

In contradistinction to organ transplants between closely related (concordant) 
species, where rejection appears to be mediated largely by cellular immune reac- 
tions, rejection following transplantation involving widely disparate (discordant) 
species appears to be mediated largely by humoral mechanisms [i, 2]. Pigs are a 
potential source of donor organs for human xenotransplantation, and various 
experimental models have been used to study pig organ rejection after such pro- 
cedures [3]. 

The heterotopic guinea pig-to-rat cardiac transplant model was first described 
by Jamieson [4], and histologic observations of intravascular thrombi and inter- 
stitial hemorrhage have been reported as evidence of typical humoral rejection in 
this model [5-9]. The events initiating rejection have not been fully elucidated 
and have been the subject of debate. Anti-guinea pig cytotoxic antibodies have 
been detected in rat serum prior to transplantation, and it has generally been 
assumed that these react with antigens in the grafts and initiate an immuno- 
inflammatory reaction. Available evidence suggests that this reaction injures 
endothelial cells, activates obstructive intravascular thrombosis, and thereby 
induces ischemic injury in the grafts. 

A pig heart-to-rhesus monkey model of xenograft rejection demonstrated IgM 
deposition on donor endothelium and IgG extravasation similar to albumin. 
These observations suggested that IgM deposition was involved in initiating 
rejection, that loss of normal vascular permeability was a secondary feature, 
and that IgG distribution was a reflection of altered vascular permeability [10, 
11]. 

Many investigators have focused on the donor vascular endothelial cell surface 
as the initial target of natural antibodies and the site of injurious reaction that 
leads to graft rejection. Despite this focus, the exact mechanisms underlying 
rejection remain unknown. Normal endothelial cell surfaces have an anticoagu- 
lant activity that tends to inhibit local intravascular coagulation, although var- 
ious stimuli can alter this activity and, indeed, activate procoagulant activity 
on the same endothelial cell surfaces [12]. 

We have used the heterotopic guinea pig-to-rat cardiac model and transmis- 
sion electron microscopy to evaluate the structural alterations in myocardial tis- 
sue that occur after hyperacute rejection. Our observations will be presented and 
their possible significance discussed. 
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Experimental Model 

Donor guinea pigs (375-475 g) and recipient Lewis rats (250-275 g) were anesthe- 
tized by intraperitoneal injections of pentobarbital (50 mg/kg). The donors were 
given intravenous heparin (1000 units) prior to harvesting their hearts. 

Explantation involved transecting the great vessels via the transverse sinus and 
tying off the venae cavae and then all pulmonary veins en masse. The explanted 
heart was placed in 4°C saline and protected with topical cold saline during 
implantation. Intra-abdominal transplantation was effected by anastomosing 
the donor aorta to the recipient infra-renal aorta and the donor pulmonary 
artery to the recipient inferior vena cava. These end-to-side anastomoses were 
made with 8/0 prolene. The xenograft ischemic period ranged from 23 to 
30 min. 

Of a total of 14 cardiac xenografts, four were excised “early” at 4 min after 
reperfusion, and ten were removed “late” after cessation of myocardial contrac- 
tions (at a mean of 6.80 ±1.51 min). The apical segments of each of these hearts 
were minced with razor blades into 5 -mm cubes and then immersed in 5 % glu- 
taraldehyde fixative. Fixed tissue samples were processed for thick-section trans- 
mission light microscopy (TLM) and thin-section transmission electron micro- 
scopy (TEM) as follows: 

1 . Minced tissue samples were postfixed in 2% osmium tetroxide in 0.2 M 
syn-collidine buffer, dehydrated in a graded series of ethanol 
(35 % ^ 70 % -> 95 % ^ 100 %), infiltrated with propylene oxide, and 
embedded in polymerized medcast resin. 

2 . Each block of embedded tissue was trimmed, then cut into 0.1-pm “thick” sec- 
tions, which were stained with methylene blue-azure II and examined by TLM 
to select samples for further processing. 

3 . Selected sample blocks (at least one from each heart) were trimmed to appro- 
priate size and cut into about 75-nm “thin” sections, which were placed on 
grids and stained with uranyl acetate and Millonig’s lead acetate. 

4 . Stained tissue samples on grids were examined with a Jeol JEM-ioos electron 
microscope. 

Microscopic evaluation was conducted by a diagnostic pathologist who knew 
that the heart tissue samples had been obtained after hyperacute rejection but 
was otherwise unaware of the details of the experiment. TLM revealed qualita- 
tively similar, but quantitatively variable, changes in the myocardium of all sam- 
ples. These changes included myocyte hypercontraction, microvascular conges- 
tionZ(perhaps) thrombosis, and some combination of interstitial edema and 
hemorrhage. There was no specific evidence of interstitial leukocyte infiltration. 
At least one sample from each heart was selected for study by TEM, the selection 
process being guided by the “most characteristic” tissue alterations in each 
heart. Evaluation was conducted as follows: 

1 . One grid from each selected sample was surveyed to find the “most character- 
istic” tissue changes (as identified previously by TLM); these changes were 
readily identified in every sample. 

2 . The most representative tissue alteration in one grid space of each sample was 
recorded on film in a series of overlapping images at X3000 magnification. 
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3. The film was developed, prints were made at X2.9 magnification, and these 
prints were used to construct a montage from each heart sample for final 
study. 



Transmission Electron Microscopy Observations (Figs. 1-12) 

The TEM study confirmed the TLM observations of myocyte hypercontraction, 
microvascular congestion, and interstitial edema with and without erythrocyte 
extravasation. There was no specific evidence of intravascular thrombosis, i.e., 
no intravascular fibrin, in any sample, although a few wisps of fibrin were rarely 
noted in the interstitium. There was no evidence of intravascular leukocyte mar- 
gination, interstitial leukocyte infiltration, or immune complex deposition in or 
around the microvasculature. 

Protein-rich interstitial edema was the principal alteration from normal. Whereas 
the normal, nonfibrous, extracellular cardiac matrix has an appearance on TEM 
that is essentially clear with only barely perceptible proteoglycans, the interstitial 
fluid in these hyperacutely rejected donor hearts not only distended the space 
(edema) but also contained an increased concentration of plasma-like proteins. 
While these changes were already identifiable in the hearts removed 4 mm 
after implantation, they were far more prominent in the hearts removed after ces- 
sation of contractions, at which time the edema fluid protein density was gener- 
ally similar to that of condensed plasma in adjacent microvascular channels. 

Interstitial edema was accompanied by microvascular congestion and patchy 
erythrocyte extravasation into the interstitial space (microvascular hemorrhages). 
These changes were identified in every sample; however, they were more promi- 
nent and extensive in the hearts removed after cessation of contractions. In the 
latter hearts, the congested vessels were distended by compact aggregates of ery- 
throcytes without the usual amount of associated plasma (condensation). In a 
few samples, occasional microvascular channels contained marginated platelets, 
and others contained platelet aggregates; however, there was no evidence of pla- 
telet degranulation (release of stored products). 

Despite plasma fluid and protein extravasation, multifocal microvascular con- 
gestion and erythrocyte aggregation, intravascular platelet aggregation (uncom- 
mon), and erythrocyte extravasation, there was no concomitant structural evi- 
dence of endothelial cell injury. The normally attenuated and intact endothelial 
cell forms were never swollen or necrotic, although a few appeared to be more 
condensed that adjacent counterparts. Their overlapping cell-cell contact regions 
had essentially normal appearances, although the actual occluding cell-cell junc- 
tions (tight junctions) in these regions could not be specifically evaluated. The 
endothelium, in general, remained normally attached to its basement membrane, 
which defines the outer microvascular boundary and connects these channels to 
the fibrous interstitial framework. In one sample, there was a single break in the 
otherwise intact endothelial basement membrane, and this break occurred at the 
site of maximum erythrocyte extravasation. 
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Fig.1. Transmission electron microscope (TEM) montage of myocardium of a heart removed after 
4 min. The interstitial space (/, interstitium) between myocytes (M) and microvascular channels ap- 
pears to be distended by fluid. This fluid is relatively electronlucent without excess protein and 
therefore resembles normal interstitial fluid. One myocyte (arrowhead) shows nonspecific hyper- 
contractile change. The various-sized microvascular channels contain erythrocytes and platelets 
suspended in a usual amount of plasma. All of the various myocardial tissue cell types appear intact 
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Fig. 3. Magnified transmission electron microscope (TEM) view of the microvascular venule seen 
in Fig. 1. The venular lumen is normally distended by blood components, including erythrocytes 
and platelets, separated by granular-appearing plasma proteins. Most of the platelets are located 
along the endothelial aspect and may be “marginated;” they are not aggregated nor degranulated. 
The endothelium is intact. Note the nucleus and perinuclear cytoplasm of one endothelial cell on 
the left side of the figure. There are intact pericytes in the otherwise thin wall, as well as thin 
layers of fibrocytic cytoplasm apposed to the interstitial aspect of the intact (but not appreciable) 
venular basement membrane. The interstitium (I) is similar to that seen in Fig. 2 



◄ 

Fig. 2. Magnified transmission electron microscope (TEM) view of microvascular capillaries seen 
in Fig. 1. The capillary lumina are normally distended by blood components, including erythro- 
cytes, separated by granular-appearing plasma proteins. The endothelium is intact. Note the flap- 
like protrusion of endothelial cytoplasm at the overlapping cell-cell junction. There is a small 
amount of fibrous extracellular matrix proteins apposed to the interstitial aspect of the intact 
endothelial basement membrane (outer boundary of capillary wall not specifically appreciated 
at this magnification). The interstitium (7) has slightly more nonfibrous protein concentration, 
but this is only barely appreciable 
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Fig. 4. Transmission electron microscope (TEM) montage of myocardium from another heart 
removed after 4 min. The interstitium (I) is essentially similar to that illustrated in Figs. 1-3. Sev- 
eral myocytes show nonspecific myofibrillar hypercontractions, creating irregular, variably thick, 
band-like densities. These changes were observed focally in all samples. The intact microvascular 
channels contain erythrocytes and platelets suspended in a usual amount of plasma, although 
several channels {arrowheads) have apparent platelet aggregates with less than usual intervening 
plasma volume 
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Fig. 6. Transmission electron microscope (TEM) montage of myocardium from a heart removed 
after cessation of contractions. The interstitium (7) now has a readily apparent increase in gran- 
ular protein density. Myocytes are essentially intact. The microvascular channels are packed with 
erythrocytes and also show a relative decrease in plasma volume. There are no extravasated ery- 
throcytes 



◄ 

Fig. 5. Magnified transmission electron microscope (TEM) view of a platelet aggregate seen in 
Fig. 4. There is no evidence of platelet degranulation or intravascular fibrin formation. The capil- 
lary endothelium is intact. Note some of the hypercontracted myofibrils in adjacent myocytes 
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Fig. 7. Magnified transmission electron microscope (TEM) view of a microvascular capillary seen 
in Fig. 6. The vascular lumen contains erythrocytes and plasma; note the granular protein den- 
sity of this plasma and compare it with the more normal density seen in Figs. 2 and 3. Note also 
the same granular protein density of the extravascular interstitial fluid, which is similar to that 
of nearby plasma and remarkably different from the more normal appearing fluid seen in Fig. 2. 
This observation indicates a marked alteration in normal endothelial permeability, resulting in 
protein-rich interstitial edema. The endothelium appears intact although one endothelial cell 
which is overlapped by the cytoplasmic process of an adjacent one appears unusually condensed. 
There is no evidence of intravascular fibrin formation, although there are several wispy intersti- 
tial filaments that could represent fibrin formation from extravasated fibrinogen. Note that there 
is some variation in apparent protein density within the interstitial fluid; this may reflect varia- 
tion in local lymphatic clearance of excess fluid and/or protein 



^ ^ 

Fig. 9. Transmission electron microscope (TEM) montage of myocardium from another heart 
removed after cessation of contractions. The interstitium (7) has a readily apparent increase in 
granular protein density. Myocytes are essentially intact. Most microvascular channels are 
packed with erythrocytes and also show a relative decrease in plasma volume. There are a few 
extravasated erythrocytes 
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Fig. 10. Magnified transmission electron microscope (TEM) view of a microvascular capillary seen 
in Fig. 9. The vascular lumen is packed with intact erythrocytes, and the endothelium appears 
normal and intact. There is no evidence of intravascular fibrin formation. Note that the granular 
protein densities in plasma and interstitial fluid are similar, again indicating protein-rich inter- 
stitial edema 
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Fig. 12. Magnified transmission electron microscope (TEM) view of a microvascular capillary seen 
in Fig. 11. The vascular lumen is packed with intact erythrocytes, and the endothelium generally 
appears intact; however, there is an apparent defect (arrowhead) in the capillary wall (endothe- 
lium plus basement membrane), allowing passage of erythrocytes from the lumen into the inter- 
stitium. This was the only such defect identified in all of the sites photographed 



◄ 

Fig. 11. Transmission electron microscope (TEM) montage of myocardium from another heart 
removed after cessation of contractions. The interstitium (I) in this selected site contains a 
large number of extravasated erythrocytes. Myocytes are essentially intact, and at least one 
microvascular channel is packed with erythrocytes. There are a few extravasated erythrocytes 
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Comment 

The lack of donor organs has been an impetus for research on discordant trans- 
plantation, and rejection has emerged as a major barrier to the success of this 
procedure. The results of studies using various animal models have focused inter- 
est on the donor vascular endothelium, which is the initial site of interaction 
between donor organ and recipient circulation. It has been proposed that (a) pre- 
formed antibodies in the recipient bind to antigens on the luminal surfaces of 
donor vascular endothelial cells, (b) this interaction activates circulating comple- 
ment, (c) these combined interactions alter endothelial surfaces in a manner that 
inhibits their usual anticoagulant activity and promotes a procoagulant state 
(endothelial activation), and (d) local intravascular thrombosis and resultant tis- 
sue ischemia occur. Based on this proposed mechanism, various investigators 
have focused on preventing vascular endothelial activation as a key to clinically 
successful xenotransplantation [13]. 

Our TEM study of hyperacute rejection of guinea pig hearts in rat recipients 
demonstrates loss of normal microvascular permeability as the only consistent 
and characteristic myocardial tissue alteration. This alteration allows flooding 
of the myocardial interstitium with plasma-like fluid with or without extrava- 
sated erythrocytes. The fluid loss from the microvasculature causes local hemo- 
concentration evidenced by erythrocytes packed in distended lumina. We could 
find no evidence of intravascular coagulation, i.e., there were no intravascular 
fibrin aggregates, and there was only meager evidence of extravascular fibrin for- 
mation in rare sites in occasional heart samples. There were occasional intravas- 
cular platelet aggregates, but none of the observed platelets showed any evidence 
of degranulation. Finally, with the exception of a single site of apparent endothe- 
lial basement membrane rupture (Fig. 12), the microvascular endothelium 
remained intact and attached to its respective basement membrane and demon- 
strated no morphologic evidence of cell injury. 

Our TEM observations are somewhat at variance with those of others. Cattell 
and Jamieson [5], using the same model, examined tissue samples from hearts 
removed at 4, 8, and 12 min postimplantation and tissue samples from one 
heart biopsied at 1.5, 2, 3, 4, 5, and 6 min postimplantation. They reportedly 
observed microvascular congestion, platelet aggregation, and endothelial cell 
detachment from the basement membrane; they did not observe neutrophilic leu- 
kocytes, “prominent” fibrin formation, or plasma protein extravasation into the 
interstitium. They concluded that “endothelial activation” induced platelets to 
aggregate and release their granular contents and that these platelet products 
initiated endothelial damage and fibrin formation. 

Rose and Cooper [14], using outbred Landrace pigs as donors and either mon- 
grel dogs (n=3) or Chacma baboons (n=3) as recipients, examined tissue samples 
from hearts removed after hyperacute rejection and cessation of contraction. In 
the three hearts removed from dog recipients, they observed varying quantities 
of platelet thrombi with intact endothelium. In the three hearts removed from 
baboon recipients, they observed that one was “too badly damaged to evaluate,” 
one had intact endothelium with no evidence of “widespread platelet thrombi,” 
and one showed “endothelial cell swelling” with no evidence of “widespread pla- 
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telet thrombi.” In both sets of animals, they observed variably extensive fibrin 
deposition and myocyte hypercontraction, but did not report protein-rich inter- 
stitial edema or specific evidence of intravascular thrombosis. 

Debault et al. [15] also reported vascular endothelial changes in pig cardiac 
xenografts transplanted into dogs, as evidenced by vacuoles in the endothelium, 
with platelet adherence to the vascular walls, and intraluminal fibrin thrombi. 
Vascular wall injury was evidenced by disrupted endothelium and hemorrhage. 
Increased extravascular fluid was apparent. 

TLM and TEM observations of rejecting and rejected cardiac xenografts have 
consistently noted myocyte hypercontractions and various microvascular altera- 
tions, and all have supported to some extent the proposed mechanism of rejec- 
tion, as outlined above. Previous TEM observations have focused attention on 
the presence and importance of platelet aggregation, intravascular coagulation, 
and endothelial damage as principal and interrelated pathogenetic events. In con- 
trast, our own TEM observations have focused attention on an alteration of 
microvascular permeability and plasma fluid/protein extravasation as principal 
and interrelated pathogenetic events. Most notably, our observations did not pro- 
vide any evidence of platelet degranulation (release), intravascular thrombosis 
(fibrin formation), or specific endothelial cell injury. 

We have no explanation for the disparities between these TEM observations. 
In accordance with the proposed mechanism of hyperacute rejection, our obser- 
vations would be consistent with the notions that (a) preformed antibodies in the 
recipient bind to antigens on the luminal surfaces of donor vascular endothelial 
cells, (b) this interaction activates circulating complement, and (c) these com- 
bined interactions alter the vascular endothelial cells in some manner. They 
would not support any role for intravascular coagulation. Although we commonly 
observed erythrocyte “plugs” in the microvasculature, none of these was asso- 
ciated with fibrin, and we attribute them to stasis and hemoconcentration follow- 
ing loss of intravascular fluid. Although we observed no morphologic evidence of 
endothelial cell injury or physical displacement, we suspect the loss of plasma 
fluid/proteins reflects a major alteration in the function of occluding (tight) 
endothelial cell-cell junctions. Such alteration could involve structural and/or 
functional changes that could not be assessed by our TEM study. 

The basic ultrastructural findings associated with the hyperacute rejection of 
cardiac xenografts would seem to require additional study by independent inves- 
tigators. We believe that the possibility of a major change in endothelial perme- 
ability suggests new and potentially significant avenues for further investigation 
and therapeutic approaches. 
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Introduction 

Early studies of liver xenotransplantation in the nonhuman primate were carried 
out by Caine et al. in the 1960s and 1970s [1, 2] (Tables 1, 2). Starzl et al. per- 
formed a small number of clinical liver xenotransplants at that time [3-6] and 
again more recently [7-9] (Chap. 58), and Makowka et al. carried out one clinical 
auxiliary pig liver transplant in 1993 [10, 11]. There remains little research in this 
field, although a small number of groups have explored liver xenotransplantation 
in nonhuman primate models [12-17] (Tables 1, 2). Porter [6] and Wight [19] have 
reviewed the histopathological features of hepatic xenograft rejection. 

Our own studies, details of which have been reported fully elsewhere [16-18], 
will be briefly reviewed. 



Experimental Protocols 

Liver transplantation was performed in five groups (Table 3). In group 1, liver 
allografting was performed in baboons. Concordant liver xenografting (between 
vervet monkeys and baboons) was carried out in groups 2 and 3, and discordant 



Table 1. Experiences with concordant liver xenotransplantation in nonhuman primates 



Donor Recipient 


Type of 
transplant 


n 


Immunosuppressive 

therapy 


Survival 

(days) 


Reference 


Cynomolgus Rhesus 

monkey monkey 


OLT 


3 


ALS 


<1-20 


[2] 


Vervet monkey Baboon 


OLT 


13 


CyA-l- AZA-t- steroids+ 
splenectomy 


2 to >360 


[12, 13] 


Vervet monkey Baboon 


HLT 


8 


CyA+ CPP -1-steroids 


20-123 1 


[16-18] 


Vervet monkey Baboon 
(ABO- 

incompatible) 


HLT 


6 


CyA-l- CPP -asteroids 


28-45 J 


Baboon Vervet 

monkey 


OLT 


6 


CyA-i- CPP -H steroids 


<1 (n=4), 

93 (n=l), 
>1000 (n=l) 


[15] 



OLT, orthotopic liver transplantation; HLT, heterotopic liver transplantation; ALS, antilympho- 
cyte serum; CyA, cyclosporine; AZA, azathioprine; CPP, cyclophosphamide. 
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Table 2. Experiences with discordant liver xenotransplantation in nonhuman primates 


Donor 


Recipient 


Type of 


n 


Immunosuppressive 


Survival 


Reference 






transplant 




therapy 


(h) 




Pig 


Baboon 


OLT 


7 


None/steroids/steroids+AZA 


6-84 


[1] 


Pig 


Rhesus monkey 


OLT 


3 


ALS 


<12 1 


[2] 


Pig 


Chimpanzee 


OLT 


1 


None 


8 J 


Pig 


Cynomolgus monkey 


OLT 


4 ' 


\ WBI-hTI-f-ATG+BM-hECP 


2-72 


[14] 


Pig 


Baboon 


OLT 


2 ^ 


1 




Pig 


Rhesus monkey 


OLT 


6 


None/ steroids-i-CyA-i-Dashen 


2-5.5 1 


[17, 18] 


Pig 


Baboon 


HLT 


2 


CPP-hCyA -1-steroids 


2 J 



OLT, orthotopic liver transplantation; HLT, heterotopic liver transplantation; AZA, azathioprine; 
WBI, whole body irradiation; TI, thymus irradiation; ATG, antithymocyte globulin; BM, bone 
marrow transfusion; ECP, extracorporeal plasmapheresis; CyA, cyclosporine; Dashen, a Chinese 
traditional medicine; CPP, cyclophosphamide. 



xenografting between pigs and either baboons or rhesus monkeys in groups 4 
and 5. 

The operative technique of heterotopic liver transplantation in the baboon 
(used in groups 1-4) has been described by Mieles et al. [16] and was based 
on that introduced clinically several years ago [20]. The technique of orthotopic 
liver transplantation (group 5) was also based on the standard clinical technique 
[21]. 

All recipient baboons and all donor animals were ABO blood typed (using sal- 
iva in nonhuman primates and blood in pigs). Baboons and vervet monkeys were 
also typed for simian blood groups (Dr. W.W. Socha, Laboratory for Experimen- 
tal Medicine and Surgery in Primates, New York University, New York, USA). 



Table 3. Summary of histopathological changes of liver allografts and xenografts 



Group Total Studies Early Acute Reversibility of acute Peri- 

{n) (n) vascular cellular cellular rejection by portal 

rejec- rejec- methylprednisolone fibrosis 

tion tion therapy 



Heterotopic transplants in the baboon 

1. Allografts (baboon-to-baboon) 8 5 

2. Concordant ABO-compatible 8 5 

(vervet monkey-to-baboon) 

3. Concordant ABO-incompatible 6 3 

(vervet monkey-to-baboon) 

4. Discordant (pig-to-baboon) 2 2 

Orthotopic transplants in the rhesus monkey 

5. Discordant (pig-to-rhesus 6 4 

monkey) 



- 


+ 


+ 


- 


-1- 


-H-l- 


± 


+ 


-1-+ 


-l-l-l- 


- 


++ 


+++ 









+-1-1- 



From [18]. 
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Simian blood type crossmatching was negative in all cases (groups 1-3). Lympho- 
cytotoxic crossmatching between donor and recipient was also performed in all 
experiments in groups 1-3, and was negative in all cases. 

All recipient baboons received intravenous (i.v.) pharmacologic immunosup- 
pression including (a) continuous cyclosporine infusion (to maintain a whole 
blood level at >200ong/ml) [16] begun 2-7 days before liver transplantation, 
(b) cyclophosphamide (1-2 mg/kg per day), also begun 2-7 days before transplan- 
tation, and (c) methylprednisolone (500 mg on the day of operation, with a taper- 
ing dose to 2 mg/kg per day), as detailed elsewhere [16]. Three of the rhesus 
monkey recipients received no immunosuppressive therapy, and three received 
(a) cyclosporine (10 mg/kg per day), (b) methylprednisolone (50omg/day i.m.), 
both begun 2 days before operation, and (c) dashen (a traditional Chinese med- 
icine), which is believed to provide some protection of the vascular endothelium 
and also has an anticoagulant effect (at 5 mg/kg i.v. during operation). 

Liver biopsies (under direct vision) were obtained at the time of excision of 
the liver from the donor and at intervals of several days post-transplantation. 
If the macroscopic appearance of the liver suggested hyperacute rejection (i.e., 
the liver was cyanotic and swollen), a biopsy was taken 30 min after reperfusion. 
At the time of euthanasia or spontaneous death, all animals were necropsied with 
most or all viscera, including the transplanted liver, being examined. 

The liver biopsies were stored in 10 % neutral-buffered formalin, placed into 
paraffin blocks, sectioned, and stained with (a) hematoxylin and eosin (H8cE) 
and (b) phosphotungstic acid hematoxylin (PTAH). The following histopatholo- 
gical features were studied: (a) cellular infiltrates (neutrophils, lymphocytes, 
eosinophils), (b) blood vessels (congestion, hemorrhage, fibrin aggregation, 
and venulitis or arteritis), (c) hepatocytes (vacuolation, necrosis), (d) bile 
ducts (inflammation, necrosis), and (e) interstitial tissue (fibrosis). Special atten- 
tion was paid to the portal zone and central vein. (Immunohistopathological stu- 
dies are underway but the results are not yet available for reporting.) 

Of the 30 experiments performed, the histopathological features outlined 
below are based on 19 experiments in which technical complications were 
excluded and where the liver functioned for at least 1 h to 123 days before the reci- 
pient was either electively euthanized or died spontaneously (Table 3). 



Macroscopic Appearances 

Allografts and Concordant Xenografts (Groups 1-3) 

The appearances of the allografts (group 1) and concordant xenografts (groups 2 
and 3) were similar in the early stages in all experiments. Hyperacute rejection 
was not observed. The grafted livers became congested and slightly edematous 
during the first 30-60 min after reperfusion. Bile was secreted in all cases within 
2h. Within the first month, the grafted livers became covered by a thick, fibrous 
envelope, and their consistency became firmer in some cases though never 
obviously cirrhotic. Despite frequent episodes of acute cellular rejection, concor- 
dant xenografts functioned adequately for elective periods of up to 4 months [16]. 
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Discordant Xenografts (Groups 4 and 5) 

After reperfusion, discordant auxiliary liver xenografts (group 4) became cyano- 
tic and swollen within 30-60 min. No bile was produced. Following orthotopic 
transplantation (group 5), the discordant grafts initially appeared less cyanotic 
and swollen than the auxiliary grafts. Bile was produced in all cases. Cyanosis 
and edema of the liver slowly increased. Graft failure or recipient death occurred 
within 5.5 h in all cases. 



Microscopic Findings 

Allografts (Group 1) 

Histopathological changes consistent with hyperacute or acute vascular rejection 
were absent in all instances. Acute cellular rejection occurred in some cases, gen- 
erally within the first 10 days, but was usually mild or moderale (Fig. 1), consist- 
ing mainly of lymphoid and eosinophil cell infiltration in the portal zones. When 
acute rejection became more severe it was associated with vasculitis and bile duct 
damage (Fig. 2). The acute cellular rejection could be reversed with i.v. methyl- 
prednisolone therapy (Fig. 3). No fibrosis developed during follow-up periods 
of a maximum of 62 days. 




Fig.l. Moderale acute cellular rejection of a group i allograft at 13 days, demonstrating a peri- 
portal lymphoid cellular infiltrate. H&E, X200 
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Fig. 3. Same allografted liver as in Figs, i and 2 at 30 days (after a course of intravenous methyl- 
prednisolone) showing reversal of acute cellular rejection. H8cE, X400 
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Concordant Xenografts (Groups 2 and 3) 

ABO -Compatible Xenografts (Group 2). Mild congestion was frequently observed 
early after reperfusion (Fig. 4). Hemorrhage and fibrin aggregation were not 
observed. Cellular infiltration occurred, as in the allografts, consisting of portal 
zone lymphoid cell and eosinophil infiltration, vasculitis and bile duct damage 
(Fig. 5). The eosinophil infiltrate was more intense than in the allografts. Peripor- 
tal hepatocellular necrosis and diffuse lobular lymphoid cell infiltration were also 
observed in severe cases, and were generally more obvious than after allograft- 
ing. Episodes of acute cellular rejection were reversible by i.v. methylpredniso- 
lone in some baboons, but low-grade rejection usually persisted (Fig. 6), resulting 
in the gradual development of periportal or interstitial fibrosis beginning around 
30-60 days post-transplantation (Fig. 7). 

ABO -Incompatible Xenografts (Groups). Hyperacute rejection was not observed. 
However, mild post-reperfusion congestion was again present, though hemor- 
rhage and fibrin aggregation were generally absent. Acute cellular rejection, 
including lymphoid cell and eosinophil infiltration, bile duct damage, as well 
as vasculitis, occurred earlier and was more severe than that seen in the ABO- 
compatible group (Fig. 8). Moderately severe rejection often occurred within 
7 days and, even with i.v. methylprednisolone therapy, was never fully reversible. 
Periportal fibrosis was seen, and in one baboon it appeared as early as 10 days 
post-transplantation (Fig. 9). Severe lymphoid cell infiltration, fibrosis and pa- 
renchymal necrosis were end-stage events in irreversible rejection (Figs. 10, 11). 



Discordant Xenografts (Groups 4 and 5) 

The histopathologic changes were similar in both discordant groups investigated, 
with the changes developing earlier in the heterotopic pig-to-baboon model 
(group 4). Severe congestion and hemorrhage were the dominant features 
(Figs. 12, 13), occurring within 30-60 min after reperfusion, although fibrin 
aggregation was rarely seen. Some intravascular neutrophil accumulation and 
arteritis were present, but lymphoid cell infiltration was minimal (Figs. 14, 15). 
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Fig. 4. Group 2 ABO-compatible concordant xenograft ih after reperfusion showing mild conges- 
tion. H&E, X200 




Fig. 5. Group 2 ABO-compatible concordant xenograft at / days, revealing moderate acute cellular 
rejection consisting of a periportal lymphoid cellular infiltrate. H&E, X200 
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Fig.6a,b. Same liver as in Fig. 5 at a 20 and b 50 days, showing significant resolution, but some 
persistence of cellular rejection after a course of intravenous methylprednisolone therapy. 
H&E, X200 
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Fig. 7a,b. Group 2 ABO- compatible concordant xenograft at a 30 and b 60 days, showing a lym- 
phoid cell infiltrate and peribiliary fibrosis in the portal zone. H&E, X200 
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Fig. 8. Group 3 ABO-incompatible concordant xenograft at 10 days, demonstrating moderate acute 
cellular rejection, consisting predominantly of lymphocytes with a few eosinophils, and venulitis. 
H&E, X200 




Fig. 9. Group 3 ABO-incompatible concordant xenograft at 10 days, revealing a lymphoid cell infil- 
trate and peribiliary fibrosis. H8cE, Xioo 
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Fig. 11. Group 3 ABO -incompatible concordant xenograft at 45 days, with an intense diffuse 
cellular infiltration and hepatocellular necrosis. H&E, Xioo 





Fig. 12. Group 4 discordant xenograft at ih, with a hyperacute vascular reaction consisting 
primarily of severe congestion. H&E, Xioo 




Fig. 13. Group 5 discordant xenograft at 2h, with interstitial hemorrhage but minimal lymphoid 
cell infiltration. H&E, X400 
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Fig. 14. Group 5 discordant xenograft at 2h, with evidence of hemorrhage and neutrophil accu- 
mulation. H&E, X400 




Fig. 15. Group 5 discordant xenograft at 2h, showing arteritis (H&EX400). 
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Comment 

Two potential donor candidates for hepatic xenotransplantation are the pig [22] 
and baboon [23]. Both have anatomy and physiology relatively similar to 
humans. 

The histopathologic features seen in our study in vervet monkey-to-baboon 
and pig-to-primate liver xenotransplantation models are consistent with findings 
in concordant [7] and discordant [10] liver xenotransplantation in humans and in 
animal models reported from other centers [1, 2, 12, 13]. Acute lymphoid cell infil- 
tration is the predominant feature in concordant grafts, and hemorrhage and 
congestion in discordant grafts. A spectrum in the timing and severity of 
acute cellular rejection and hyperacute vascular rejection could be distinguished, 
ranging from (a) allografting through (b) ABO-compatible concordant xenograft- 
ing to (c) ABO -incompatible concordant xenografting, and, finally, to (d) discor- 
dant xenografting. Acute cellular rejection developed earlier and was more severe 
in the concordant xenografts than in the allografts, and hyperacute rejection was 
seen only in the discordant xenografts. The effectiveness of conventional phar- 
macologic immunosuppression became less successful as the disparity between 
donor and recipient increased (Table 3). 

In our concordant groups, peribiliary fibrosis was quite common, though cho- 
lestasis was not observed. The cause of the fibrosis remains unclear; whether it 
resulted from an immunological process (e.g., chronic rejection) or from some 
other pathologic mechanism (e.g., nutritional or physiological disturbance) 
requires further investigation. In our discordant groups, neither intravascular 
fibrin aggregation nor occlusive thrombosis was identified. We are unable to 
explain this significant difference when compared with the reported results 
from other centers. 

With the currently available immunosuppressive therapy, concordant liver 
xenotransplantation in nonhuman primates proved relatively successful. Cellular 
rejection was more severe than following allografting, and was followed by 
increasing periportal fibrosis, beginning at a relatively early stage, particularly 
in the ABO-incompatible concordant xenografts. From our results we would pre- 
dict that, as a biological bridge to allografting, concordant liver xenotransplants 
could be expected to support patients with end-stage liver disease for periods of 
days, weeks, or occasionally months, but are unlikely to function satisfactorily if 
inserted as permanent transplants. 

Although conventional immunosuppressive therapy (cyclosporine, steroids, 
and cyclophosphamide or azathioprine) prolongs survival of concordant liver 
xenografts in nonhuman primates, this therapy (in the absence of procedures 
to deplete anti-pig antibodies and/or complement) was, as anticipated, unsuc- 
cessful in preventing hyperacute rejection of discordant liver xenografts. 
Although hyperacute rejection related to the presence of donor-specific lym- 
phocytotoxic antibodies or ABO antibodies very rarely occurs following liver 
allotransplantation [24, 25] (probably because of the role of Kupffer cells, sinus- 
oidal cells, and the dual blood supply [26]), the liver would not, therefore, appear 
to be an immunologically “privileged” organ following discordant xenotransplan- 
tation. 
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Immunofluorescent studies have not yet been completed in our own experi- 
ments, but will be published in due course. Donato et al. [13], however, per- 
formed immunohistologic studies on liver allografts and vervet monkey xeno- 
grafts in baboons. Cellular infiltration components were similar in the two 
groups, with mainly CD4^ and CDS"^ lymphocytes, B lymphocytes, and plasma 
cells, suggesting that the same cellular mechanisms were involved. IgG and 
IgM linear sinusoidal deposition was also observed in both groups during rejec- 
tion episodes. To our knowledge, there are no reports in the literature to-date on 
the immunohistopathology of discordant liver xenotransplants in nonhuman pri- 
mates, although there is one report following pig liver transplantation in a 
human patient [10, 11]. 

The heterotopically-placed discordant liver xenografts (group 4) were rejected 
more quickly than the orthotopically placed grafts (group 5). As most comple- 
ment is generated in the liver, the removal of the recipient liver (in orthotopic 
liver xenotransplantation) may be beneficial in removing the production of 
native host complement and thus reducing the severity of complement-based 
hyperacute rejection [27]. 
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Introduction 

The response of a vertebrate to a vascularized xenograft from a distant (discor- 
dant) species can involve essentially all of the components of innate and adaptive 
immunity, and their combined effects on the graft are explosive, typically result- 
ing in hyperacute rejection (HAR) within several minutes. Thus, the host reac- 
tion to a discordant xenograft is one of the most violent and powerful immune 
responses known. Moreover, when HAR is avoided by removal or depletion of 
xenoreactive natural antibodies (XNA) and/or complement (C), xenografts are 
still rejected within several days in a second wave of immune injury, termed 
delayed xenograft rejection (DXR) [i, 2], which is T cell-independent [3]. Even 
survival beyond this initial few days post-transplant (post-Tx) is not sufficient 
to ensure long-term survival, since a third wave of the immune response is 
evoked, involving T cell-dependent reactions. 

Given this multifaceted and complex series of immunologic obstacles, at least 
the second of which (DXR) has so far received only scant attention, it is little 
wonder that successful transplantation of discordant xenografts is still in its 
infancy, and there are many avenues for productive research. Indeed, it is easy 
in the field of discordant xenotransplantation to find innumerable, sometimes 
quirky, phenomena to study, since one is basically studying the effects of an 
inflammatory response on a large, multicellular organ with its attendant vascula- 
ture, parenchymal cells and connective tissues. 

This chapter takes a somewhat more restricted focus, emphasizing events or 
pathways (a) whose interruption or suppression has been shown experimentally 
to be of therapeutic benefit or (b) based upon extrapolation from other trans- 
plant responses, are likely to result in graft destruction if the xenograft has 
not already succumbed beforehand to another process. (In the same way that 
considerable “redundancy” is recognized in the field of cytokines, based upon 
multiple proteins with overlapping functions, there is considerable redundancy 
in the xenoresponse such that thwarting one pathway only leads to challenge 
by another.) The current state of the field is to try to understand the priming 
and pathogenesis of these responses. Tolerance induction or, in less abstract 
terms, avoiding these responses is as yet only an immunologist's dream, rather 
than an established biologic phenomenon. 

This chapter complements recent reviews of the topic [4-6] and, given the 
likely future clinical application of discordant xenografts, focuses primarily on 
analysis of intragraft events occurring during rejection of vascularized xeno- 
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grafts, particularly cardiac grafts performed across phylogenetically disparate 
(i.e., discordant) combinations, such as pig-to-primate in which HAR is regularly 
observed. 



Immunopathology of Hyperacute Rejection 

Xenoreactive Natural Antibodies and Complement 

The classical morphologic features of HAR are macroscopic engorgement and 
discoloration of the organ and, on light microscopy, interstitial hemorrhages 
with platelet microthrombi. In contrast to accelerated allograft rejection, HAR 
is so rapid that neutrophil accumulation is not seen, and large vessels are unin- 
volved. Immunohistologic analysis of pig-to-primate xenografts shows typically 
dense deposition of immunoglobulins and C components throughout the vascular 
bed, consistent with the presence of host XNA directed against carbohydrate moi- 
eties on endothelial and other cells, and activation of C through the classical 
pathway. Though early studies emphasized the predominance of IgM deposition 
[7], recent studies have established that deposition of IgG and IgA also occur [8, 
9]. This is more than a trivial point since the presence of IgA antibodies provides 
a mechanism for activation of the alternate pathway of C, in addition to classical 
pathway activation by IgM and IgG. The alternate pathway components, including 
properdin and factor B, can be shown to colocalize with intragraft IgA during 
development of HAR [9]. Similarly, the presence of IgG can provide a ready 
means for recruitment and activation of leukocytes bearing Fc receptors (fcR) 
(CD16, CD32, CD64; as will be considered later). 



Platelets 

Though far less studied than XNA and C, HAR also features activation and 
degranulation of platelets, potentially as a result of local generation of C frag- 
ments (C5b-C9); C3a and Csa-induced mast cell degranulation, histamine and 
serotonin release, with local generation of platelet- activating factor (PAF); FcR 
signaling upon exposure to deposited XNA; or ischemic injury and endothelial 
cell retraction with platelet GPib interaction with subendothelial matrix-bound 
von Willebrand factor (vWF). Even in the absence of C activation, therefore, 
there are multiple signals to stimulate platelets. An additional factor may include 
the very rapid loss of endothelial ecto-ADPase which normally maintains a non- 
thrombogenic state at the endothelial surface; loss of ecto-ADPase expression 
occurs as a result of ischemia/reperfusion injury, C activation, and other factors 
[10]. Though the extent of platelet microthrombi formation may not be great 
enough to cause rapid graft dysfunction through purely physical disruption of 
blood perfusion through the microvasculature, platelet aggregation and activation 
lead to fibrin deposition. In addition, as detailed in the section on DXR, if HAR 
is avoided, subsequent development of DXR can be linked to platelet activation in 
the very early post-Tx period. Targeting of platelets with an anti-P selectin anti- 
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body [ii], PAF antagonist [ii], or GPIIb/IIIa antagonist [12] significantly prolongs 
survival of guinea pig-to-rat cardiac xenografts. 



Coagulation 

There is rapid assembly of coagulation factors on the platelet surface through 
several related events. Receptors for factor V are upregulated upon platelet acti- 
vation, and platelet membrane phospholipids are exposed as a result of micropar- 
ticle formation, facilitating the binding and assembly of a prothrombinase com- 
plex. Platelets also degranulate, resulting in high local concentrations of 
fibrinogen and other coagulation factors present in alpha granules. Lastly, the 
trigger to platelet aggregation provided by thrombin or collagen results in release 
of ADP and serotonin. The combined effects of local platelet aggregation and 
activation are activation of coagulation and dense fibrin deposition, causing 
graft ischemia and rapid, progressive loss of organ function. A key role for coa- 
gulation, as powerful as that of C, was recently demonstrated in an ex vivo per- 
fusion system [13], and studies of targeting thrombin in vivo are underway. 



Type I Endothelial Activation 

Our knowledge of endothelial responses during HAR is limited, whereas consid- 
erably more is known of the effects of XNA, C, and thrombin on cultured 
endothelial cells [4]. Endothelial responses during HAR do not involve gene acti- 
vation or protein synthesis, and are therefore examples of what may be termed 
endothelial cell (EC) stimulation or type I EC activation. It is known that within 
minutes of revascularization, P selectin is translocated from cytoplasmic Weibel- 
Palade bodies to the membrane surface, where it persists for several hours 
(longer than predicted by in vitro studies wherein P selectin expression typically 
lasts only minutes) [11]. P selectin upregulation in vivo can occur as a result of 
EC stimulation by thrombin, histamine or the membrane attack complex of C 
(C5b-9). Additional events reported include loss of membrane ecto-ADPase 
[10], contributing to platelet aggregation, and, based upon in vitro data, C^a- 
induced loss of heparan sulfate [14, 15], and exposure of foreign carbohydrates 
such as sulfatides [16] which can activate the contact system of coagulation. 



Summary of Hyperacute Rejection 

Immediately upon revascularization of a discordant xenograft, C activation 
begins to occur on the surface of endothelial cells. The anaphylatoxins C3a and 
C5a are generated and act locally on basophils and mast cells to release histamine 
and cause degranulation of platelets, including serotonin. Within seconds, hista- 
mine, and serotonin bind to receptors on endothelial cells, stimulate surface 
expression of PAF and P selectin, and cell contraction. PAF causes a dramatic 
increase in vascular permeability and endothelial cells contraction, resulting in 
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sludging of platelets and RBC within the microcirculation. Endothelial cell retrac- 
tion exposes underlying vWF, basement membranes and collagen to plasma com- 
ponents, including platelets and the contact activator, Hageman factor. Together, 
these responses result in stasis, platelet aggregation, and interstitial hemorrhages, 
which rapidly reduce compliance, such that a cardiac xenograft heart fails within 
minutes. 



Immunopathology of Delayed Xenograft Rejection 

If HAR is avoided by depleting XNA or by blocking the action of C, xenografts 
are rejected in days instead of minutes to hours, by a process referred to as DXR 
[i, 2]. DXR occurs in large [17] and small animal [2] models of discordant xeno- 
graft rejection. Serial analysis of cardiac xenografts in C-depleted recipients 
shows that the grafts undergo progressive infiltration by mononuclear cells, 
and after several days develop focal infarcts and interstitial hemorrhages, wide- 
spread activation of coagulation within the microvasculature and cessation of 
graft function. Considerable mechanistic insights have been obtained through 
manipulations in the guinea pig-to-rat model, and the important points will be 
reviewed. However, it is important to remember that although HAR and DXR 
can be clearly defined, they represent parts of a continuum. Some of the compo- 
nents of HAR, such as platelet activation or immunoglobulin deposition, do not 
typically result in HAR if C activation is avoided, and yet these responses, as well 
as activation of coagulation and endothelial cell responses, may contribute to 
development of DXR. 



Platelets 

Platelet exposure to PAF, thrombin or C fragments stimulates membrane expres- 
sion of P selectin. If xenografts are not subject to HAR, surface P selectin pro- 
vides a tethering point for adhesion of leukocytes, especially monocytes. In addi- 
tion, platelets contain chemokines which are expressed upon activation, a key 
example is RANTES [17, 18]. Thus local platelet aggregation and activation results 
in release of potent chemotactic signals which attract monocytes. Monocytes 
responding to such signals adhere to newly expressed P selectin on platelets 
and endothelial cells and undergo activation, e.g., P selectin ligation on the 
monocyte membrane causes tissue factor induction [19], as well as production 
of further chemokines, including RANTES and monocyte chemotactic peptide 
(MCP)-i. 

Leukocytes 

Over 75 % of intragraft leukocytes are mononuclear phagocytes, with additional 
contributions from NK cells (10 %-20 %) and only very small numbers (approxi- 
mately 5 %) of T cells (i.e., bearing classical TCR-a/P) until at least several days 
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post-Tx. The presence of T cells or XNA is not essential for DXR in C-depleted 
rats [3], but it has been difficult to determine the actual roles of macrophages 
and NK cells. Infiltrating macrophages produce large amounts of tumor necrosis 
factor (TNF)-a and interleukin (IL)-ip during xenograft rejection, as well as IL-7, 
IL-12, inducible isoform of nitric oxide synthase (iNOS), and various chemo- 
kines. Some monokines, such as IL-iP and IL-6 are likely to act only on host 
cells, e.g. contributing to systemic fever and acute phase response. Others, 
such as TNF-a, appear to act across species, and the upregulation of adhesion 
molecules (see below) is consistent with such effects. TNF-a also has direct 
toxic effects on myocardial cells. IL-7 and IL-12 are relevant to NK cell recruit- 
ment and activation, with IL-12 playing a key role in induction of interferon 
(IFN)-y production; xenografts display extraordinarily dense IFN-y expression 
during development of DXR. However, the extent to which IFN-y acts across spe- 
cies is controversial and appears to depend upon the species combinations 
involved. Guinea pig hearts do show upregulation of MHC class II, but incuba- 
tion of guinea pig leukocytes with recombinant rat IFN-y does not induce 
class II (W.W. Hancock, unpublished observations). Nevertheless, since IFN-y 
is the most potent activator of macrophages known, regardless of direct effects 
across species barriers, the action of IFN-y on host macrophages is likely to 
be dramatic. Though notoriously difficult to deplete, transfer of macrophages 
from C-depleted rats sensitized with a guinea pig xenograft to a naive, C- 
depleted recipient results in acceleration of DXR, indicating a role for macro- 
phages in the pathogenesis of DXR [20]. There are no data as yet concerning 
the results of NK cell depletion in discordant models. 



FcR'Dependent Leukocyte Recruitment During Delayed Xenograft Rejection 

There are several mechanisms which could explain the recruitment of macro- 
phages and NK cells which occurs from an early stage following engraftment 
in C-depleted recipients; these include immune adherence via FcR, lectin bind- 
ing, and the actions of chemokines. Both leukocyte populations express FcR 
(CDi6/FcyRIII, CD32/CDi6/FcyRII), and macrophages also express CD64 
(CDi6/FcyRI). Such FcR are important to the development of ADCC, cell activa- 
tion and phagocytosis. However, binding via FcR may not be critical since deple- 
tion of IgG-XNA to less than 5 % of normal rat serum through plasmapheresis 
and B cell-directed immunosuppression has no effect on cellular infiltration or 
the tempo of DXR [3]. 



Lectin Expression and Delayed Xenograft Rejection 

Macrophages and NK cells express lectins recognizing a variety of carbohydrate 
residues. There are no data as to the in vivo significance of recently identified 
NK cell lectins [21], though intragraft rat NK cells do express the NKR-Pi lectin 
[2]. In some animal models of tumor immunity and chronic allograft rejection, 
induction of macrophage lectin expression can provide a novel means for macro- 
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phage recruitment, activation and development of cell cytotoxicity. We have 
investigated macrophage lectin involvement in DXR by synthesizing peptide 
sequences based on the recently cloned rat C-type macrophage lectin and prepar- 
ing mouse anti-rat hybridomas [22]. Five monoclonal antibodies were identified 
based upon lack of binding to normal guinea pig or rat tissues and positive bind- 
ing to macrophage lectin by enzyme-linked immunosorbent assay (ELISA). Com- 
parison of serial guinea pig-to-rat xenografts with rat cardiac allografts showed 
selective and dense expression by infiltrating macrophages within xenografts; 
labeling was present by 12 h and peaked at 4-5 days with complete destruction 
of xenografts, whereas corresponding allografts lacked more than trace macro- 
phage lectin labeling. Moreover, comparable induction of macrophage lectin on 
activated rat macrophages was seen in nude or XNA-depleted xenograft recipi- 
ents, and upon incubation of rat macrophages with guinea pig cells in vitro. 
These studies show that (a) rat macrophage undergo activation upon exposure 
to xenogeneic cells, (b) macrophage lectin expression is a key early feature of 
DXR, even in the absence of host T cells or XNA, and, thus, (c) targeting of 
macrophage lectin with specific monoclonal antibodies (mAbs) or administration 
of specific sugars to saturate the membrane molecule may be a new approach to 
blocking macrophage infiltration and activation during development of DXR. 



Chemokines and Leukocyte Recruitment in Delayed Xenograft Rejection 

A third and probably key means for mononuclear cell recruitment is the intra- 
graft expression of chemokines. Our initial studies focused on a role for MCP- 
1 since, in vitro, MCP-i, is the most potent chemotactic factor for macrophage 
known. We analyzed guinea pig xenografts in Lewis rats depleted of C by use 
of cobra venom factor (CVF). Small numbers of rat macrophage were detected 
adjacent to vessels in guinea pig transplants (Tx) at 12 b and peaked at the 
time of rejection, when they constituted more than 75 % of intragraft leukocytes. 
Macrophages were activated as shown by dense labeling for IFN-y, TNF-a, and 
IL-ip. Labeling for MCP-i was detected from 12 b post-Tx in association with 
macrophage, and increased thereafter. By 48 h, double labeling studies showed 
that more than 50% of intragraft macrophage, plus focal endothelial cells and 
smooth muscle cells, were MCP-i positive. Labeling was specific as shown by 
absorption studies with rMCP-i. In vitro, rat macrophage lacked MCP-i expres- 
sion under baseline conditions, or after stimulation with IL-iP, IL-2, IL-6, or 
TNF-a, whereas at 12 hours and later, more than 75 % of cells were MCP-i positive 
upon exposure to rIFN-y. These data showed that MCP-i expression is (a) a con- 
sistent and specific feature of xenograft rejection, (b) associated with activated 
macrophage, and (c) likely induced by IFN-y production from NK cells. Given 
MCP-i can itself recruit and activate NK cells, xenograft rejection in C-depleted 
recipients may be the result of a complex and cytokine-dependent recruitment 
and activation of host macrophage. 

These studies provided new insights and suggested likely therapeutic strate- 
gies for leukocyte recruitment and activation during DXR, but before pursuing 
use of anti-MCP-i mAbs in vivo, we tested the extent of chemokine expression 




Immunopathology of Discordant Xenograft Rejection 



309 



in pig-to-primate cardiac xenografts, again in the context of C depletion [17]. As 
illustrated in Fig. 1, cardiac xenografts in which HAR was prevented by host ther- 
apy with the decomplementing agent, CVF, showed the key features of DXR 
described in small animals [2]. Importantly for consideration of potential target- 
ing strategies, macrophage began to accumulate around P selectin-positive (acti- 
vated) platelets by 4h. These platelets expressed RANTES, which was detectable 
from within minutes of platelet activation in the early post-Tx period. By 4 b, 
additional C-C chemokines such as MCP-i, MCP-2, and macrophage inflamma- 
tory protein (MIP)-i |3 were present in considerable amounts. Given that the latter 
cytokines recruit and activate macrophage and NK cells [18], and that grafts by 
clay 5 showed dense accumulation of activated macrophages and lesser numbers 
of NK cells, it is likely that no single chemokine is responsible for mononuclear 
cell entry into rejecting xenografts. It remains to be tested whether intragraft 
chemokine expression can be blocked or diminished by targeting very early 
events. It is known from rodent models that use of a GPIIb/IlIa antagonist to 
block platelet activation significantly improves graft survival, at least in part 
by decreasing intragraft mononuclear cell recruitment [12], but, as intragraft 
inflammation develops, a multitude of cell types can produce these chemokines, 
thereby rendering successful targeting unlikely when using this strategy alone. 



Endothelial Responses During Delayed Xenograft Rejection 

Analysis of serial samples from small [2] and large animal models [17] has 
demonstrated considerable evidence of endothelial cell activation during discor- 
dant xenograft rejection. Endothelial responses include the following: (a) shift to 
a procoagulant state, with downregulation of surface thrombomodulin and 
induction of tissue factor, consistent with dense local fibrin deposition, (b) 
induction of leukocyte adhesion molecules, including, progressively, E selectin 
and intercellular adhesion molecule (ICAM)-i, (c) production of chemokines, 
such as MCP-i, and other cytokines. The significance of endothelial activation 
in DXR is controversial. On the one hand, these are “downstream” events 
which are present in essentially any inflammatory response, albeit to a more 
florid extent than usual. On the other hand, the ability to genetically engineer 
the donor animal suggests the potential for modulating endothelial responses 
by genetic approaches, e.g., by regulated targeting of NFkB-dependent endothe- 
lial cell pathways [4, 6]. This Center has the unifying concept that in lieu of 
dense T cell-directed immunosuppression, with additional targeting of comple- 
ment, coagulation, and host macrophage and NK cells, modulation at the graft 
level by such genetic approaches will be important to the development of clinical 
xenotransplantation as a practical solution to the lack of organ donors; testing in 
vivo in small animals is underway. 
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Fig. 1A-C. Immunoperoxidase analysis of cryostat sections of serial biopsies from a pig cardiac 
xenograft transplanted into a baboon which was treated with cobra venom factor (CVF) to 
block development of hyperacute rejection (HAR); photomicrographs are from three consecutive 
periods post-transplantation to document some of the key features of delayed xenograft rejection 
(DXR) in large animals. A Vascular deposition of IgM and thrombin on penetrating branches of 
the coronary arteries and associated veins, with labeling for P selectin below. The antibody used 
recognizes a conformational determinant such that pretransplantation (pre-Tx) vessels are unla- 
beled {inset)y whereas widespread vascular labeling is seen by the time of initial biopsy (/min 
post-revascularization). The area indicated by the square at the lower left is shown at high 
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power on the right to demonstrate the strong membrane labeling of arteriolar endothelial cells 
(type I endothelial activation). XNAy xenoreactive natural antibodies. B Selected events at 4 b 
post-transplantation. Upper left, dense labeling of platelets and graft endothelial cells for P selec- 
tin. The area indicated by a rectangle is shown at high power on the right, to demonstrate the 
attachment of host macrophage to platelet microthrombi. Below this, a composite of chemokine 
expression is shown. Though no RANTES is present pre-reperfusion, widespread expression by 
platelets and endothelium is seen at 4 hours post- transplantation, in addition to expression of 
monocyte chemotactic peptide (MCP)-i, MCP-2, and to a lesser extent macrophage inflammatory 
protein (MIP) -ip, whereas only minor labeling for MCP-3 was observed. These chemokines prin- 
cipally attract and activated macrophage and, to some extent, natural killer (NK) cells. C Events 
at day 5 post-transplantation when essentially no primate T cells were present. Grafts show dense 
infiltration by large inflammatory macrophages (CDi4‘^) whose activation is demonstrated by 
their labeling for tumor necrosis factor (TNF)-a, tissue factor (TP), and interleukin (7L)-ip. In 
addition to activated macrophages, interferon {IFN)-y -producing NK cells (arrowheads) and vas- 
cular plugging by P selectin-positive platelets (the latter also GPIIb^) are seen. Consistent with 
ongoing macrophage and NK cell recruitment, dense labeling of macrophages and endothelium 
for RANTES is present, in addition to lesser amounts of MCP-2 and MIP-iP, but not MIP-ia. 
Additional sections (not shown) documented widespread endothelial cell activation and fibrin 
deposition 



Comment 

Our data indicate that once HAR is overcome by CVF treatment, xenografts 
undergo a series of steps involving mononuclear and endothelial cell activation, 
cytokine expression, platelet and fibrin deposition, and rejection within a few 
days. Logically, DXR may be caused by (a) infiltrating mononuclear cells, (b) 
consequences of endothelial cell activation, or (c) combination of (a) and (b). 
NK cells could be present secondary to direct “recognition” of xenogeneic 
endothelial cells, and either cell type could be present through FcR binding of 
IgG bound to endothelial cells, lectin interactions, or chemokine production. 
Aspects of direct binding and activation of endothelial cells by macrophages 
[23] and NK cells [24] are reviewed elsewhere in this volume (Chap. 8). 
Once present and activated, mononuclear cell products, including cytokines 
and tissue factor, contribute to coagulation, damage surrounding endothelial 
cells, and depress myocardial contractility. The factors that result in activation 
of endothelium in DXR are not well defined. XNA binding to pig endothelial 
cells in vitro causes upregulation of IL-i, IL-8, and plasminogen activator inhibi- 
tor (PAI)-i [4], though the in vivo relevance of this finding is not established. 
Following stimulation, activated endothelial cells contribute to inflammation 
and thrombosis, most likely scenario in our opinion is that DXR is based on a 
combination of the effects mediated by activated mononuclear and endothelial 
cells. In this schema, any one event that leads to activation of either the donor 
organ endothelium or host mononuclear cells would likely become amplified 
via the multiple interactive circuits between inflammation and coagulation. As 
NK cells are stimulated, they release IFN-y, which promotes macrophage activa- 
tion, cytokine production and other responses. Release of TNF-a from activated 
mononuclear cells could activate endothelial cells, causing a further recruitment 
of leukocytes through induction of adhesion molecules, as well as stimulation of 
a pro coagulant state through upregulation of tissue factor and downregulation of 
thrombomodulin and angiotension (AT) -III. Downregulation of thrombomodulin 
expression, resulting in a markedly reduced capacity of endothelial cells to bind 
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thrombin and activate protein C may further enhance macrophage cytokine pro- 
duction, since activated protein C appears to have a key role in inhibition of 
macrophage activation in vivo and in vitro [25, 26]. The cumulative effect of 
fibrin generation and local hypoxia, the toxic effects of TNF, IL-i, and other cyto- 
kines, and a potential direct effect of mononuclear cell binding to endothelial 
cells may suffice to cause DXR. The extent to which T cell activation contributes 
to this process if DXR is prolonged further remains to be determined. 
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Introduction 

To our knowledge there have been no reports on experimental concordant kidney 
xenotransplantation in primates since the last edition of this volume apart, from 
those of the Johannesburg group in 1994 [1, 2]. The data in these reports were 
presented at the Second International Congress for Xenotransplantation in Cam- 
bridge, England, in 1993, and additional unpublished studies have been per- 
formed since then. 

These studies were based on the extensive experience of the Johannesburg 
group with the use of a modified regimen of total lymphoid irradiation (TLI) 
in kidney and liver allotransplantation in the baboon [3, 4]. In brief, the optimal 
regimen of TLI which evolved in these studies consisted of a cumulative dose of 
irradiation of 800 cGy administered to a wide field in fractions of 80 or 100 cGy 
twice a week. The wide field included the whole torso from the base of the skull 
downwards, and the proximal ends of the humeri and femora. With this regimen, 
durable operational tolerance, defined as normal graft function in a healthy reci- 
pient for more than lyear after transplantation, was attained on average in one 
third of recipients. The tolerance was specific in that skin grafts from the original 
donor baboons were accepted indefinitely whereas skin and kidneys from third 
party baboons placed more than 6 months after the original transplantation 
were rejected in an unmodified acute fashion. It must be stressed that these 
results were not obtained when a narrower field, similar to the mantle and 
inverted-Y fields used clinically in patients with Hodgkin’s, was employed. 

Bone marrow injection from the kidney donor was not necessary for tolerance 
induction, and was in fact counterproductive, whether whole bone marrow or T 
cell-depleted marrow was used. Attempts to increase the tolerant fraction 
obtained, by brief peritransplant courses of cyclosporine (CyA), prednisone, rab- 
bit anti-human thymocyte globulin (RATG), or mycophenolate mofetil (MM), 
were unsuccessful, and in the case of CyA counterproductive. Similarly, the addi- 
tion of two fractions of TLI after transplantation virtually abolished tolerance 
production. These findings suggested the involvement of active mechanisms of 
tolerogenesis, which could be opposed or abolished by additional immunosup- 
pressive maneuvers. 

In vitro studies in the tolerant baboons showed three patterns of mixed lym- 
phocyte responsiveness (MLR): (1) donor specific hypo- or unresponsiveness in 
five of 12 baboons studied up to 4.5 years after transplantation, (2) broad nonspe- 
cific hyporesponsiveness to both donor and third-party baboons in five of 12 
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baboons, and (3) donor responsiveness with a nonspecific suppressor factor in 
the serum of two tolerant baboons [5]. This suppressor factor was also demon- 
strated in the serum of three other baboons with hyporesponsiveness. Nonspeci- 
fic non-T cell suppressor cells, expressing myeloid-associated antigens CD 11b 
and CD 38, were demonstrated by add-in MLR experiments [6, 7]. 



Baboon-To-Monkey Kidney Xenotransplantation 

The species used were Chacma baboons (Papio ursinus orientalis; mean weight, 
14.4kg; range, 12,2-16.6 kg), and vervet monkeys {Cercopithecus aethiops; mean 
weight, 5.9 kg; range, 5.5-6. 8 kg). Baboons were used as the kidney donors for 
monkeys in seven groups. Donors and recipients were red blood cell-compatible 
and were selected for absence of preformed complement-dependent cytotoxic 
antibodies (CDC). 

Graft survivals are given in Table 1. Untreated animals (group 1) survived for 7, 
8, and 9 days. Serum creatinine levels rose precipitously from day 4, and histolo- 
gic examination of the grafts showed features of acute cellular and marked 
humoral rejection with hemorrhage, necrosis, and vasculitis. 

The optimal regimen of TLI for baboon kidney allografts, namely a cumulative 
dose of 800 cGy given as fractions of 100 cGy twice a week to a wide field, was 
used for the monkey recipients in group 2. Three monkeys rejected their grafts 
acutely on days 11, 15, and 21. Histologically, the first of these showed evidence 
of mixed cellular and humoral rejection, and the latter two showed acute cellular 
rejection. A fourth monkey developed hemorrhagic enteritis on day 16 and was 
killed. Serum creatinine was normal, and the graft, although macroscopically 
normal, showed patchy round cell infiltration. The final two monkeys survived 
for 365 and 550 days. In these animals the serum creatinine levels remained nor- 
mal for approximately 11 months after transplantation, after which they rose gra- 
dually. Histological examination of the graft surviving for 365 days showed severe 
acute cellular and humoral rejection with extensive interstitial hemorrhage super- 
imposed on changes of chronic vascular rejection in the form of a mild-to-mod- 
erate degree of intimal proliferation in some of the interlobular and arcuate ves- 



Tablel. Baboon-to-monkey kidney xenotransplantation graft survival 



Group 




Survival (days) 


Group 1 


Controls 


7, 8, 9 


Group 2 


TLI alone 


11, 15, 16, 21, 364, 550 


Group 3 


TLI -H RATG 10 mg/kg days -1 and 0 


21, 84, 289, 293 


Group 4 


TLI + intrathymic spleen cells day -7 


4, 5, 5, 6, 17, 29 


Group 5 


MM 100 mg/kg per day 


7, 8, 14, 31 


Group 6 


TLI + MM 70 mg/kg day 0 


11, 12, 14 


Group 7 


TLI + MM 50 mg/kg days 0-9 


15, 24, 27, >97 



TLI, total lymphoid irradiation; RATG, rabbit anti-human thymocyte globulin; MM, mycophe- 
nolate mofetil. 
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sels. The graft surviving for 550 days also showed acute cellular rejection and 
extensive interstitial hemorrhage, but no chronic vascular changes were noted. 

The monkeys in group 3 received the same regimen of TLI and, additionally, 
10 mg rabbit anti-human thymocyte globulin/kg on the day before and the day of 
transplantation. In the monkeys surviving for 289 and 293 days, the serum crea- 
tinine levels were normal until days 251 and 255, respectively, after which a gra- 
dual rise occurred. Histologically, all four grafts showed features of cellular rejec- 
tion. There were no obliterative vascular features of chronic rejection. The 
monkeys in group 4 received TLI plus intrathymic injection of donor baboon 
spleen cells on day 7. There were no long survivors (range, 4-29 days), and all 
grafts showed evidence of acute cellular and hemorrhagic vascular rejection. 
The effects of intrathymic donor spleen cell injection in this group of primate 
xenografts were similar to those seen in baboon kidney allografts, namely sensi- 
tization of the recipients and abrogation of the effect of TLI [8]. 

MM alone (100 mg/kg per day by mouth; group 5) had a modest effect on graft 
survival, with two of the four monkeys surviving longer than untreated controls, 
namely 14 and 31 days. The addition of MM (70 mg/kg on the day of transplanta- 
tion) to 800 Cgy of TLI pretransplantation (group 6) appeared to abrogate the 
effect of TLI, with graft survival being only 11, 12, and 14 days. In the group 
which received 800 cGy TLI pretransplantation and 50 mg MM/kg per day from 
day o to day 9 (group 7), one baboon is still alive with normal graft function 
3 months after transplantation and may achieve operational tolerance, but the 
overall results in this group will not be as good as those with TLI alone. 



Immunologic Studies in Baboon>to-Monkey Xenografts 

In the two long-surviving monkeys in group 2, low levels of nonspecific cytotoxic 
antibodies against baboon, but not monkey, lymphocytes (15 %-2o % cell lysis by 
^^Cr release GDC assays) developed 3 weeks after transplantation, and persisted 
until 3 months after transplantation. Reduction of the sera with dithiothreitol 
confirmed that most of the cytotoxicity was due to IgM. Antibody-dependent cel- 
lular cytotoxicity (ADCC), with the use of normal monkey lymphocyte effectors 
at an effector target ratio of 50:1, paralleled GDC activity (20%-30% cell lysis). 
Lymphocyte-mediated cytotoxicity was present transiently during the antibody- 
positive period, with peak lysis of donor lymphocytes (28 % and 34 %, respec- 
tively) 2 months after transplantation. TLI obliterated the proliferative response 
of monkey lymphocytes to interleukin (IL)-2, concanavalin A, and phytohemag- 
glutinin. MLR to baboon cells was markedly reduced after TLI, with a slow recov- 
ery towards pre-TLI levels 5 months after transplantation. TLI inhibited mitogen- 
induced IL-2 synthesis to below measurable levels (lofmol/ml) for 2 months. 
Synthesizing ability for IL-2 recovered fully by 5 months after transplantation 
without any immediate deterioration of graft function. Sera collected 32 days 
after transplantation blocked one-way donor-specific and nonspecific MLR 
using cryopreserved, pre-TLI recipient lymphocytes as responders. 

Open wedge biopsies from these two grafts 3 months after transplantation 
revealed occasional periglomerular and interstitial foci of chronic inflammatory 
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cells and a focal glomerulopathy, with about one in ten glomeruli affected by 
areas of subtle but unequivocal mesangial thickening. The intrarenal vasculature 
was entirely normal. Immunofluorescence staining revealed focal glomerular 
deposits of IgM and IgG, but no complement. The monkey which died of rejec- 
tion 15 days after transplantation developed IgM cytotoxic antibodies with 49 % 
specific cell lysis 10 days after transplantation. 



Monkey-To-Baboon Kidney Xenotransplantation 

The graft survival data for kidney xenotransplantation in the reciprocal combina- 
tion are given in Table 2. The mean weight of the monkey donors was 6.3 ±1.5 kg 
and of the baboon recipients was 16.3 ±1.5 kg. The animals were again red blood 
cell-compatible and there were no preformed anti-monkey lympho cytotoxic anti- 
bodies in the sera of the recipient baboons. 

The median graft survival of the untreated controls (4 days; group 1) was one 
half of that in the baboon-to-monkey combination. Histologic examination of the 
rejected grafts showed acute cellular rejection in three grafts and a combination 
of cellular and humoral rejection in one graft. The same regimen of TLI which 
resulted in long-term survival in two of six monkey recipients of baboon kidneys 
had no effect at all on the survival of monkey kidneys in baboon recipients 
(group 2). The only difference from the untreated controls was a histological pat- 
tern of typical acute cellular rejection and little if any evidence of humoral rejec- 
tion. 

In group 3, unilateral donor nephrectomy was performed 6 weeks before trans- 
plantation. This resulted in a mean increase in the weight of 48 % of the donor 
kidneys. The rationale of this experiment was to assess the possible beneficial 
effect of an increase in the size of the transplanted nephron mass on graft sur- 
vival. However, this maneuver had no effect on graft survival, the median 
being 5 days. In the final group (group 4), intrathymic injection of donor monkey 
spleen cells 7 days before transplantation, in combination with pretransplant TLI, 
did not improve graft survival and, as in our experience in baboon renal allo- 
grafting, this maneuver resulted in evidence of sensitization in that two of the 
six grafts showed histologic features of hyperacute rejection (graft survival, 
3 days) and a third graft showed features of combined acute cellular and humoral 
rejection. 



Table 2. Monkey- to-baboon kidney xenotransplantation graft survival 



Group 




Survival (days) 


Group 1 


Control 


3, 3, 5, 5 


Group 2 


TLI 800 cGy 


3, 3, 4, 4, 6, 6 


Group 3 


TLI 800 cGy^ 


4, 4, 5, 5, 5, 8 


Group 4 


RLI + IT spleen cells day -7 


3, 3, 5, 5, 6, 8 



^Unilateral donor nephrectomy 6 weeks pretransplantation. 
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Immunological Studies in Monkey-To-Baboon Xenotransplantation 

The sera of baboon recipients surviving for 5 or more days after transplantation 
of monkey kidneys were studied for the presence of anti-monkey lymphocyto- 
toxic antibodies in ^^Cr release CDC assays. These were consistently negative, 
including the cases in which the graft showed hemorrhagic rejection. 



Comment 

The prolongation of baboon-to-monkey kidney xenograft survival by TLI is 
remarkably similar to that obtained in baboon allotransplantation - lyear and 
18 months in two of six monkeys receiving TLI alone, and nearly 10 months in 
two of four monkeys receiving TLI and two perioperative injections of RATG. 
These animals did not quite attain our definition of operational tolerance estab- 
lished with TLI in baboon kidney allotransplantation, namely indefinite graft 
survival with normal function more than lyear after transplantation. In all 
four monkeys, graft function started to deteriorate before the end of the year 
and the grafts were eventually lost to rejection. Nevertheless, the demonstration 
that TLI can produce at least partial tolerance in concordant renal xenotransplan- 
tation in primates is tremendously encouraging. 

As with the use of TLI in baboon renal allotransplantation, there is an indica- 
tion that the concomitant use of a brief course of immunosuppressive drug ther- 
apy in concordant xenotransplantation tends to counteract the tolerogenic effect 
of TLI alone. This has not been the finding in other studies with different species 
and organs. 

The group at Duke University [8] found that in heterotopic cardiac transplan- 
tation from Syrian hamsters to Lewis rats TLI alone resulted in only minimal, 
albeit significant prolongation of graft survival, whereas the combination of 
TLI plus moderate-to-high doses of CyA produced exceptional prolongation of 
more than 100 days. Similarly, a combination of TLI, splenectomy, and CyA 
resulted in the best hamster-to-rat liver xenograft survival. The reasons for the 
differences may be species related, and it should be noted that the irradiation 
fields used involved shielding of the head, lungs, limbs, and tail. The same 
group also studied heterotopic cardiac xenografts from rhesus to cynomolgus 
monkeys [9]. Untreated controls had graft survival rates of 7, 11, and 14 days. 
The three monkeys that received TLI (total dose, 1500 cGy), splenectomy, and 
daily CyA (to maintain a whole blood trough level of 2oo±ioo ng/ml) had 
graft survival rates of 152, 174, and more than 474 days [8]. Unfortunately, the 
study did not include a group receiving CyA and splenectomy without TLI. 

Roslin et al. [10] have also recently reported a longer than i-year graft survival 
in two of six heterotopic cervical hearts from cynomolgus monkeys to baboons. 
They used our regimen of 800 cGy wide-field TLI in combination with CsA and 
prednisolone after transplantation. TLI alone resulted in graft survival of 28, 29, 
and 30 days compared with 6 and 7 days in untreated controls. Their immunolo- 
gic studies led them to hypothesize that TLI induced a state of B cell unrespon- 
siveness to monkey xenoantigens, but was insufficient to induce long-term inhi- 
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bition of T cell responses, which were, however, suppressed by CyA therapy. 
Although these studies involved different species of baboon and monkey from 
those in the Johannesburg experiments, namely Papio anubis versus Papio ursi- 
nusy and cynomolgus versus vervet monkeys, it is perhaps relevant that we 
also were unable to produce long-term graft survival with TLI alone in the mon- 
key-to-baboon combination. 

It would be interesting to have data of heterotopic graft survival in the reci- 
procal combination, namely baboon-to-cynomolgus monkey. The phenomenon 
of widely different graft survival patterns is well recognized in reciprocal trans- 
plants between certain rat strains. It would seem that there are also “easy” and 
“difficult” concordant primate xenograft combinations, as illustrated by the dia- 
metrically opposed results obtained in baboon-to-monkey and monkey-to- 
baboon renal transplantation. However, these studies did not reveal strong sero- 
logical or histological evidence of an earlier or greater antibody/complement 
component in the monkey-to-baboon combination than in the baboon-to-monkey 
combination to account for the inability of TLI to prolong graft survival in the 
former combination. 

In terms of potential clinical applicability to baboon-to-human kidney trans- 
plantation, it remains to be established whether the effect of TLI will resemble 
that seen in baboon-to-monkey transplantation or that seen in monkey-to- 
baboon transplantation. The six baboon-to-human kidney transplants reported 
by Starzl escaped hyperacute rejection and functioned for 6-6odays [12]. At 
the end they developed fierce cellular rejection, and the key histopathologic find- 
ing was occlusive endothelialitis that had choked of much of the arterial supply. 
No less important is the question whether the much smaller kidneys of even the 
largest male baboons will be large enough for adult humans not only in physio- 
logical terms, but also in terms of the mounting evidence that alloantigen-inde- 
pendent factors, including a reduced nephron mass, are important in chronic 
attrition of graft survival after renal transplantation [13]. 
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Introduction 

The limited supply of cadaveric liver grafts and the recurrence of B and C viral 
hepatitis in the transplanted liver has led to the consideration of baboons as a 
potential source of liver xenografts for transplantation into humans. In the 
early 1960s, Starzl obtained survival of up to 2 months of baboon kidneys trans- 
planted in patients with end-stage renal failure [1] and showed that the xeno- 
grafts were rejected by a mixture of humoral and cellular mechanisms and 
that the cellular component was stronger than that observed in allotransplanta- 
tion [2]. The liver is more resistant than the kidney to humoral rejection, and 
the discovery of cyclosporine and other immunosuppressants, such as FK506 
(tacrolimus), has improved the control of cellular rejection. Extensive research 
on the role of preformed antibodies and complement activation in rejection of 
organs transplanted between different species has opened the path to new ther- 
apeutic strategies to prevent humoral xenograft rejection [3]. It seems that 
long-term survival of concordant liver xenografts is within our grasp, although 
the two most recent cases of baboon-to-human liver xenotransplantation per- 
formed in Pittsburgh failed 70 and 26 days after the transplant [4] (Chap. 58). 



Experimental Models of Concordant Organ Xenotransplantation 

The chimpanzee is phylogenetically closer to humans than other primates [5] 
but, being an endangered species, few chimpanzees are available for biomedical 
(mainly virological) research. This limitation conditions the choice of an experi- 
mental model for concordant liver transplantation. The survival of cynomolgus 
monkey-to-baboon xenografts has been reported to be similar to allograft survi- 
val and it seems that this combination is a good experimental model for the 
chimpanzee-to-human donor/recipient combination [6, 7]. The vervet monkey- 
to-baboon combination has been used by Cooper et al. [8] to study the outcome 
of concordant heart xenotransplantation. Their results showed that, in spite of 
vigorous immunosuppression, graft survival beyond a few weeks was impossible 
to obtain and, at histology, it was evident that heart xenografts had been rejected 
by a mixture of humoral and cellular mechanisms [8-10]. These observations 
indicate that the vervet monkey-to-baboon model can be categorized as a “diffi- 
cult” combination, as opposed to the cynomolgus-to-baboon which seems to be 
an “easy” combination. White et al. [11] suggested that it is appropriate to study 
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the mechanisms of concordant xenograft rejection in “difficult” species combina- 
tions. 

By comparing the outcome and the histological findings reported by Cooper 
in his experiments and by Starzl in his baboon-to-human kidney cases it 
seems that the vervet monkey-to-baboon is an appropriate preclinical model to 
use to generate information that can be relevant to the baboon-to-human situa- 
tion. 



Liver Xenotransplantation 

In 1990 we Started a research project on vervet monkey-to-baboon orthotopic 
xenogeneic liver transplantation with the objective of studying the outcome of 
concordant liver xenografts in nonhuman primates receiving an immunosuppres- 
sive protocol similar to the one used clinically, with the adjunct of splenectomy 
[11]. Valdivia had shown that in the hamster-to-rat model, splenectomy was cru- 
cial in prolonging the survival of hepatic xenografts [12]. 

Our nonhuman primates were caught in the wild in South Africa and selected 
for experiments on the basis of virological and immunological studies. The 
donor-recipient combinations were chosen on the basis of negative lymphocyto- 
toxic crossmatch and identical or compatible blood groups. The immunosuppres- 
sive regimen was based on the association of steroids, azathioprine, cyclosporine, 
and a 5-day course of rabbit antithymocyte globulin (ATG). The baboons were 
splenectomized at the time of transplantation. Cyclosporine was administered 
intravenously and then intramuscularly to maintain a target blood level of 
600-900 ng/ml (by radioimmunoassay, RIA) which was similar to the target 
blood level that we used clinically. 

Two baboons survived 340 and 420 days with an orthotopically transplanted 
vervet monkey liver, demonstrating that long-term survival of concordant liver 
xenografts is possible. However, in these baboons and others that died earlier, 
mainly for technical reasons, it was evident that rejection was not completely 
controlled. Rejection was poorly controlled also in a group of baboon-to-baboon 
liver allotransplants which received the same immunosuppressive regimen. 

In a subsequent study, we showed that baboon lymphocytes need four times 
more cyclosporine than human lymphocytes to be inhibited when stimulated. 
In contrast, FK506 was effective at the same concentrations on baboon and 
human lymphocytes [13]. This is a very important finding to consider whenever 
baboons are used for transplantation studies. In order to obtain the degree of 
cyclosporine-based immunosuppression that is currently utilized clinically, the 
target blood level should be four times higher in the baboon than in humans. 
In our experience, such high levels of cyclosporine do not induce nephrotoxic 
effects in baboons [13]. 

Two liver xenografts were hyperacutely rejected and upon a retrospective anal- 
ysis it was shown that the recipient baboons had some preformed antibodies 
directed against vervet monkey antigens [14]. On electron microscopy, the sinu- 
soidal cell lining of the hyperacutely rejected liver xenografts was completely 
destroyed. IgG, Clq, and C3 granular deposits were evident at immunopathology 
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[15]. The immunopathology study of liver biopsies of the long-term surviving 
baboons showed that the cellular infiltrates were mainly composed of 004"^ 
cells and indicate the presence of some IgG deposits. No major difference 
between allografts and xenografts was evident; however, after xenotransplanta- 
tion cellular immune reactions appeared stronger and more persistent. In the 
xenografts, lobular T and B cell infiltrates and Kupffer cell and endothelial cell 
activation indicated poorly controlled rejection activity [15]. 

We did not conduct sophisticated studies on the functional competence of the 
monkey liver in the xenogeneic environment, but showed that long-term surviv- 
ing animals had normal levels of albumin and coagulation factors [14]. However, 
signs of vitamin deficiency became evident around 1 year after the transplant 
in spite of appropriate diet. One animal died of vitamin B^^ deficiency and the 
other was rescued with high parenteral dose of vitamin administration but 
died several weeks later of chronic rejection [11]. It is possible that the carrier 
protein synthesized by the monkey liver was ineffective in transporting the vita- 
min to the xenogeneic targets. This indicates that even in a concordant combina- 
tion functional donor/recipient incompatibility of liver xenografts is possible. 

The vervet monkey-to -baboon model of liver xenotransplantation has been 
recently used by Mieles et al. [17] to explore the possibility of using baboon livers 
as auxiliary bridge xenografts in patients with acute liver failure. Mieles used the 
higher cyclosporine doses that we suggested and, although the presence of the 
native baboon liver rendered the functional data difficult to evaluate, it was con- 
firmed that concordant liver xenografts can function in the xenogeneic environ- 
ment. Since the baboons were electively euthanized between 35 and 120 days after 
xenotransplantation, no conclusive information on the effect of the higher doses 
of cyclosporine used to control rejection can be derived from this study. 

A presentation at the Third International Congress for Xenotransplantation 
reported long-term survival of one baboon-to-monkey liver xenotransplant in 
which immunosuppression was based on the association of cyclosporine and 
cyclophosphamide [18]. The monkey was reported to be alive over 2 years after 
the procedure by which time all immunosuppression had been discontinued, 
indicating that the phenomenon of liver graft survival without immunosuppres- 
sion reported following allotransplantation can occur in xenotransplantation as 
well. 



Comment 

The experimental data on concordant liver xenotransplantation in nonhuman 

primates are still limited, but some important conclusions can be made: 

1 . Liver xenografts in nonhuman primates are immunologically privileged, 
attaining longer survival than heart xenografts. 

2 . Although liver xenografts are more fiercely rejected than allografts, it seems 
that, in properly matched pairs, the same immunologic mechanisms are opera- 
tive. 

3 . Some degree of functional incompatibility may exist, but it is clear that the 
liver in a concordant xenogeneic environment can sustain normal life. 
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4. When the baboon or other nonhuman primate is used to generate clinically 
relevant information on immunosuppressive drugs, it is important to test in 
vitro the effect of such drugs on lymphocytes. 

Many objections have been raised to the concept of using nonhuman primates as 
donors for organ or cellular clinical xenotransplants and these need to be prop- 
erly addressed [19]. If these obstacles can be overcome, future clinical trials of 
baboon-to-human liver xenotransplantation should be preceded by adequate test- 
ing of immunosuppressive protocols in nonhuman primates. It seems that the 
vervet monkey-to-baboon combination can provide an excellent preclinical 
model in which to evaluate immunosuppressive strategies and gain some insight 
on liver xenograft functional compatibility. 
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Introduction 

In the present chapter, we will review our studies of the potential role of tacro- 
limus in xenotransplantation based largely on experiments in which rats were 
recipients of vascularized organs from either hamsters or mice. Because these 
xenografts after transplantation elicit a strong humoral response and are rejected 
within a few days, these models were considered until the last few years to be 
moderately difficult [i-io], more so than the sheep-to-goat combination of Per- 
per and Najarian [ii] or the wolf-to-dog model of Hammer et al. [12]. 



Hamster-to-Rat Model 

This model was added to the transplant research armamentarium by Clyde Bar- 
ker and Rupert Billingham at the University of Pennsylvania [1]. However, 
16 years passed before significant progress was made in breaking down this xeno- 
geneic barrier. Then, Knechtle et al. [13] reported extended survival of hamster 
hearts in rat recipients treated with total lymphoid irradiation followed by 
cyclosporine. However, a precise explanation for this limited success was not evi- 
dent. The advent of tacrolimus, a more potent T cell-directed immunosuppressant 
[14-21] has permitted better insight into the mechanisms of xenograft rejection 
in this model, especially when it has been combined with other agents that dis- 
rupt the xenogeneic immune reaction at a different site. The use of such drug 
combinations has consistently led to indefinite survival in the hamster-to-rat 
and other closely related rodent organ xenotransplant models as will be 
described in the following pages. We will also discuss how these experiments 
have cast light on the mechanisms of xenograft rejection. 



Humoral Responses 

Using complement-dependent cytotoxicity assays, low titers (1:16-1:32) of pre- 
formed anti-hamster cytotoxic antibodies have been demonstrated in the sera 
of naive Lewis rats [22]. Isotyping studies using flow cytometric analysis invari- 
ably reveal a greater preponderance of IgM rather than IgG antibodies. Rejection 
of liver xenografts is accompanied by astronomical elevations of antihamster 
cytotoxic antibodies and massive enlargement of the spleen in untreated recipi- 
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ents [23]. Within the spleen, this is associated with marked stimulation of 
B cells, which in the rat are preferentially localized in the 
marginal zone and red pulp. Given its marked diminution following tacrolimus 
therapy, this response has appeared to be at least partially T cell dependent 
[22]. Nevertheless, the localization and phenotypic profile of the responding reci- 
pient splenocytes also have suggested the involvement of a subpopulation of B 
cells which are mediators of a T-independent immune response [22, 24]. Since 
the host’s primitive defense against blood-borne polysaccharide antigens is 
mediated by B cells of similar phenotype [25], it is therefore tempting to specu- 
late that splenic IgM'^'^/IgD'^ B cells in the rat studied by Langer et al. [22] are 
analogues of human CDs'^and mouse Ly B cell subsets [26]. These cells 
have also been implicated to play a seminal role in the generation of destructive 
xenoreactive antibodies in other models [27], although recent experiments by 
Pitre et al. [28] contradict this assumption. 



Fate of Different Organs 

Heart 

Hamster hearts are rejected by antibody-mediated mechanisms within 3-4 days 
[1-10]. There is evidence for progressive platelet and fibrin deposition in the 
microvasculature and margination of neutrophils in larger vessels, with accompa- 
nying endothelial cell hypertrophy and focal denudation. There is also evidence 
for increased deposition of IgM, IgG, and C3 in both the endothelium of the lar- 
ger vessels and in that of the microvasculature [22]. These events lead to wide- 
spread hemorrhagic necrosis precipitating xenograft loss. The use of tacrolimus 
(1-2 mg/kg per day until rejection) alone does not significantly prolong graft sur- 
vival nor does it alter the histopathological or immunofluorescence observations 
detailed above [5, 7, 22]. It also fails to attenuate the gradually increasing xenos- 
pecific cytotoxic antibody titers in the recipients lending further credence to ear- 
lier contentions that the generation of xenoantibodies by a T cell-independent 
mechanism, along with complement, serve as main effectors in this model 
[29]. Further corroboration of this assertion is obtained when an increase in 
the titers of anti-hamster antibodies is noted in T cell-deficient nude rats receiv- 
ing hamster heart xenografts [30-32]. In addition. Van den Bogaerde et al. [29] 
have shown that inhibition of recipient complement by cobra venom factor 
results in prolonged survival of hamster heart xenografts only when combined 
with a T-cell immunosuppressant like cyclosporine, pointing out the duality of 
the humoral and cellular mechanisms of xenograft rejection. 

In an attempt to abate cardiac xenograft rejection, thereby prolonging survi- 
val, Murase et al. [7] have also tested tacrolimus in combination with antimeta- 
bolites such as cyclophosphamide, methotrexate, brequinar sodium (BQR) and 
RS-61443. Of the antimetabolites used, cyclophosphamide, a purine antimetabo- 
lite with pronounced B cell specificity [33], and BQR, which inhibits de novo pyr- 
imidine [34], consistently allow for protracted heart xenograft survival (Table 1). 
More prolonged graft survival is witnessed when cyclophosphamide plus tacroli- 
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mus immunosuppression therapy is used. Similarly, when RS-61443, a purine 
synthesis inhibitor [35], is used in combination with tacrolimus a dramatic pro- 
longation in xenograft survival is observed [7]. When used alone, mizorbine, an 
inhibitor of purine synthesis [36], and deoxyspergualin (DSG), an analogue of the 
antitumor antibiotic spergualin [37], have no discernible effect on cardiac xeno- 
graft survival, which is, however, prolonged with the addition of tacrolimus to 
the immunosuppressive regimen (Table 1). Methotrexate when used alone leads 
to modest prolongation of survival; however, when used in combination with 
tacrolimus results in indefinite graft survival. Interestingly, the use of tacrolimus 
alone in splenectomized recipients also results in indefinite survival of subse- 
quently transplanted cardiac xenografts [38]. 

Table 1 . Survival of hamster heart, liver, and kidney xenografts in Lewis rats immunosuppressed 
with tacrolimus and antiproliferative agents 



Organ Treatment 



Dose (mg/kg per day) Median survival (days) 



Heart [7] 



Liver [7] 



Kidney [67] 



None 

FK506 

BQR 

RS-61443 

Cyclophosphamide 

Methotrexate 

Mizorbine 

DSG 

FK506 + BQR^ 

FK506 + RS-61443^ 

FK506 + cyclophosphamide^ 
FK5 06 + methotrexate^ 

FK506 + mizorbine^ 

FK506 + DSG^ 

FK506 + cyclophosphamide^ 
Splenectomy [38] 

FK506 + splenectomy [38] 

None 

BQR 

RS-61443 

Cyclophosphamide^ 

FK506 + BQR^ 

FK506 -H RS-61443^ 

FK506 + cyclophosphamide® 
FK506 + cyclophosphamide^ 
None 
FK506 

Cyclophosphamide 
FK506 + cyclophosphamide® 
FK506 + cyclophosphamide® 



- 




3.0 


2.0 




4.0 


4.5 




>42.0 


40.0 




7.0 


15.0 




56.0 


0.5 




13.0 


7.5 




4.0 


5.0 




4.0 


1.0 + 


4.0 


>100.0 


2.0 + 


20.0 


>100.0 


2.0 + 


7.5 


>100.0 


2.0 -H 


1.0 


>100.0 


2.0 + 


7.5 


>52.5 


2.0 + 


5.0 


>100.0 


2.0 + 80.0 


>100.0 


- 




5.0 


2.0 




>100.0 


- 




7.0 


3.0 




12.0 


20.0 




7.0 


7.5 




9.0 


1.0 + 


3.0 


>100.0 


1.0 + 


20.0 


>100.0 


1.0 -H 


7.5 


>100.0 


1.0 -H 


80.0 


>100.0 


- 




6.0 


2.0 




6.0 


7.5 




8.0 


2.0 + 


10.0 


11.5 


1.0 + 


15.0 


79.0 



BQR, brequinar sodium; DSG, deoxyspergualin. 

® Antimetabolites were given in either 14- or 30-day course. 

^Cyclophosphamide was given as a single injection 10 days before organ transplantation. 
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Consistent with the findings of Kumararatne et al. [39], we also observed that 
a single dose of cyclophosphamide (500 mg/m^, i.p.) results after 10 days in the 
depletion primarily of the IgM'^'^/IgD'^ cells normally residing in the marginal 
zone of the spleen [22], To elucidate the role played by these B cells in xenograft 
rejection, hamster hearts were transplanted into rats with or without tacrolimus 
therapy 10 days after a single bolus injection of cyclophosphamide. Although 
slight prolongation of xenograft survival is observed in animals pretreated 
with cyclophosphamide alone, the addition of tacrolimus nevertheless results 
in indefinite graft survival (Table 1). These observations suggest that splenic B 
cells of this distinct phenotype may mediate an important effector function cul- 
minating in xenograft rejection in this model. However, there is a T cell-mediated 
mechanism of graft injury which neither cyclophosphamide nor splenectomy, 
when used alone (23, 38, 40, 41), are able to attenuate. Accordingly, the use of 
strategies which allow for inhibition of both B and T cell function provides an 
optimal means to control xenograft rejection in this model [6, 7]. 

Liver 

Unlike heart xenografts, hamster livers are acutely rejected by untreated Lewis rat 
recipients in 7 days by a composite humoral and cell-mediated immunity [5, 7, 22, 
23]. The early deposition of anti-hamster antibodies in the sinusoids and portal 
tracts is followed by cellular infiltration in these areas composed largely of reci- 
pient CD8'^ T and few natural killer cells. This histopathological finding differs 
from that witnessed during liver allograft rejection, where the initial cellular 
infiltrate is localized primarily in the portal or perivenular areas [42]. These find- 
ings provide support for a role of antibody-mediated cellular cytotoxicity in 
xenograft rejection [43-45]. When tacrolimus is used alone, it significantly pro- 
longs xenograft survival with 10 %-30 % of the recipients surviving indefinitely 
[5> 7> 46]. Single drug therapy using either BQR, RS-61443 or cyclophosphamide 
has minimal impact on graft survival, whereas the addition of tacrolimus to 
BQR, RS-61443, or cyclophosphamide-treated recipients leads to their indefinite 
survival (Table 1). As with hearts, pretreatment of liver xenograft recipients 
with a single bolus injection of cyclophosphamide 10 days prior to organ trans- 
plantation also results in their indefinite survival (Table 1) [7, 22]. 

Despite its moderate efficacy in prolonging liver xenograft survival, tacroli- 
mus when used alone does not mitigate the extreme elevation of xenospecific 
cytotoxic antibody titers in the recipient serum, which reach a peak around 
day 7 post-transplantation. However, by day 30 post-transplantation, these anti- 
bodies become undetectable in tacrolimus-treated recipients, the majority of 
whom nevertheless succumb to late graft failure subsequent to biliary obstruc- 
tion [22]. We have hypothesized that this outcome represents a delayed manifes- 
tation of humoral injury which may have transpired early during the period fol- 
lowing transplantation [47]. This assertion is further substantiated by the 
obvious lack of biliary complications and long-term survival of tacrolimus-trea- 
ted recipients who had received a short perioperative course of BQR or RS-61443; 
both of which are known to partially abate the initial peak antibody response 

[7]. 
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Although tacrolimus does not have an effect on xenoantibody production when 
therapy starts on the day of transplantation, Tsugita et al. [48] have shown that 
this immunosuppressant not only abrogates the hyperacute liver xenograft rejec- 
tion induced by pretransplant infusion of hamster hepatocytes or liver nonpar- 
enchymal cells (NPC, which include liver sinusoidal cells), but also prolongs 
graft survival beyond that achieved by pre transplant treatment with tacrolimus 
alone. The interesting observation is that, although the cytotoxicity (IgM) of 
the recipient’s serum against hamster lymphocytes remains high despite tacroli- 
mus therapy, that against hamster-specific NPC is blunted. Similarly, we have 
shown recently that T cell-deficient nude rats that receive hamster whole blood 
iweek prior to transplantation with a hamster heart never reject the graft in a 
hyperacute fashion. Indeed, the heart xenografts survive indefinitely in most of 
the cases [49]. These observations indicate the importance of T cell help in the 
induction of xenosensitization and hyperacute rejection in this xenograft model. 

Our achievement of long-term survival in liver xenograft recipients has 
afforded us the opportunity to study several physiological and immunological 
features uniquely associated with this organ. We have specifically investigated 
the metabolic and coagulatory changes [50, 51] that occur in the liver xenograft 
recipients and the cellular events that lead to the induction of donor-specific tol- 
erance [46]. Rats who accept hamster liver xenografts exhibit species-specific 
unresponsiveness to subsequently transplanted donor organs. It must be empha- 
sized that while they retain donor-specific tolerance, the liver recipients are fully 
capable of rejecting organs from other animal species [46]. 

This species-specific immunological unresponsiveness, afforded best by the 
liver but also witnessed after heart xenotransplantation as reported by Tanaka 
et al. [52], may be ascribed to the establishment of chimerism, which has been 
shown to play a seminal role in the induction of donor-specific tolerance [53- 
56]. Additionally, it is also well known that given their species-specific restric- 
tion, certain membrane-associated complement (C) regulatory proteins, such as 
decay-accelerating factor (DAF), membrane cofactor protein (MCP), and CD59 
antigen, among others, play an important role in protecting autologous or homo- 
logous tissues from collateral damage that may be prompted by C activation [57- 
62]. Therefore, the production by the liver of species-specific circulating C pro- 
teins may provide yet another mechanism by which this organ may exert its 
observed protective effects. 

Further credence to the latter hypothesis is provided by exhaustive experi- 
ments in rats in which species-specific tolerance is successfully achieved by 
prior hamster liver xenotransplantation [63, 64]. The intravenous administration 
of C-depleted (but not enriched) rat anti-hamster hyperimmune serum into these 
tolerant animals has no deleterious effect on simultaneously transplanted hamster 
hearts which enjoy prolonged survival. These observations underscore the perni- 
cious nature of heterologous C which, following xenotransplantation of organs 
other than livers, may play a major role in mediating the antibody-dependent 
rejection [65]. In view of this it would be reasonable to predict that clinical trans- 
plantation of organs, other than livers, from transgenic pigs expressing human C 
regulatory proteins on their endothelium would prevent hyperacute rejection as 
has already been demonstrated by White et al. [66]. Of concern, however, is 
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the potential risk to the liver recipient of heterologous C secreted by the xeno- 
grafted organ, whose uninhibited activity may precipitate an autoimmune-like 
syndrome. This is an area of research which warrants further investigation. 

Kidney 

Similar to our observations for hearts, Miyazawa et al. [67] have reported that 
hamster kidney xenografts are rejected by untreated rat recipients in 5-6 days 
predominantly by a humoral response. The use of tacrolimus alone does not pro- 
long graft survival nor has any appreciable effect on the generation of rat anti- 
hamster IgM antibodies. Although the additional use of cyclophosphamide 
along with tacrolimus extends xenograft survival, the results are not as dramatic 
and consistent as those obtained with heart and liver xenografts (Table 1). 
Attempts to deplete heterospecific antibodies by pre-transplant perfusion of reci- 
pient’s blood through donor-strain kidneys or livers, as well as the use of the 
anti-complementary agent K76 [68, 69], result in marginal prolongation of survi- 
val of subsequently transplanted kidney xenografts in tacrolimus/cyclophospha- 
mide-treated rat recipients (Table 1). Interestingly, Ye et al. [70] have observed 
that the majority of kidney xenograft recipients develop severe polyuria which 
is not corrected by restriction of water intake. Since the minimal histopathologi- 
cal changes in the kidney xenografts cannot account for the de novo development 
of diabetes insipidus witnessed in this model, it is speculated that there might be 
a functional incompatibility between transporter proteins expressed on cells in 
hamster kidney with that of their ligands in the rats. Attempts are underway 
to provide substantial evidence for the latter postulate. 



Mouse-to-Rat Model 

Similar to our observations in the hamster-to-rat model, mouse hearts when 
transplanted into unmodified rat recipients are rejected by antibody-mediated 
mechanisms within 2-3 days [71-73]. However, Pan et al. [73] have shown that 
liver xenografts when transplanted into untreated Lewis rats survive for approxi- 
mately 7 days, succumbing eventually to combined antibody and cell-mediated 
rejection (Table 2). Although no appreciable difference in mouse heart xenograft 



Table 2. Survival of Bio.BR mouse hearts and livers xenografted into Lewis rat recipients with or 
without tacrolimus immunosuppressive therapy 



Organ 


Tacrolimus 


Graft survival (days) 


Median survival (days) 


Heart 


No 


2, 2, 2, 2, 2, 2, 3, 3 


2.7±1.7 


Heart^ 


Yes 


2, 2, 3, 3, 3 


2.8±0.8 


Liver 


No 


7, 7, 7, 7, 7 


7.0 


Liver^ 


Yes 


18, 18, 28, 37, 61, 82, 93, 107, 110, 111, 
117, 133, 203, 207, 221 


103.9±64.7 



^1 mg/kg per day, i.m. 

^1 mg/kg per day X 30 days followed by 0.5 mg/kg every other day for the next 70 days. 
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survival is observed following tacrolimus administration, it does however, 
improve the outcome in mouse liver graft recipients, 50 % surviving beyond 
100 days. Despite the presence of elevated xenospecific antibodies, the observa- 
tion of long-term liver xenograft survival in this model further emphasizes the 
inherent resistance of this organ to antibody-mediated injury. The donor-specific 
protective effect afforded by the transplanted liver following hamster-to-rat xeno- 
transplantation is also witnessed in this model. This effect appears to be species- 
specific but non-major histocompatibility complex (MHC) restricted, allowing 
for transplanted mouse hearts obtained from donors of varying MHC phenotype 
to be equally protected, whereas hearts obtained from hamster are promptly 
rejected [74]. 



Comment 

Our studies have demonstrated that the interdiction of the initial B cell prolifera- 
tive response is the critical first step towards successful xenotransplantation in 
closely related species. Once the antibody barrier is breached, the need for the 
antiproliferative drugs apparently diminishes with tacrolimus-based monotherapy 
being sufficient to maintain graft function. The manipulation of the donor and/ 
or the recipient with novel agents such as phosphatidic acid inhibitors [75] and 
the creation of chimeric donors [76, 77] are some of the more contemporary 
approaches that are currently being employed in our laboratory to make xeno- 
transplantation a clinical reality. 

Acknowledgments. This work was aided by Project Grant No. DK29961 from the 
National Institutes of Health, Bethesda, MD, USA. 



References 

1. Barker, C. F., Billingham, R. E. Histocompatibility requirements of heart and skin grafts 
in rats. Transplant Proc 3: 172, 1971 

2. Kakita, A., Blanchard, J., Fortner, J. G. Hamster-to-rat cardiac xenografts: a useful 
model for transplantation studies. J Surg Res 19: 99, 1975 

3. Homan, W. P., Williams, K. A., Fabre, J. W., Millard, P. R., Morris, P. J. Prolongation 
of cardiac xenograft survival in rats receiving cyclosporin A. Transplantation 31: 164, 
1981 

4. Valdivia, L. A., Monden, M., Gotoh, M., et al. Evidence that deoxyspergualin prevents 
sensitization and first-set cardiac xenograft rejection in rats by suppression of antibody 
formation. Transplantation 50: 132, 1990 

5. Valdivia, L. A., Fung, J. J., Demetris, A. J., Starzl, T. E. Differential survival of hamster- 
to-rat liver and cardiac xenografts under FK-506 immunosuppression. Transplant Proc 
23: 3269, 1991 

6. Hasan, R., Van Den Bogaerde, J. B., Wallwork, J., White, D. J. G. Evidence that long term 
survival of concordant xenografts is achieved by inhibition of antispecies antibody pro- 
duction. Transplantation 54: 408, 1992 




Use of Tacrolimus (FK506) and Antimetabolites as Immunosuppressants 



335 



7. Murase, N., Starzl, T. E., Demetris, A. J., et al. Hamster to rat heart and liver xeno- 
transplantation with FK506 plus antiproliferative drugs. Transplantation 55: 701, 1993 

8. Leventhal, J. R., Matas, A. J. Xenotransplantation in rodents: A review and reclassifica- 
tion. Transplant Rev 8: 80, 1994 

9. Makowka, L., Cramer, D. V. The pathogenesis of xenograft rejection. Clin Transplanta- 
tion 8: 145, 1994 

10. Starzl, T. E., Valdivia, L. A., Murase, N., et al. The biological basis of and strategies for 
clinical xenotransplantation. Immunol Rev 141: 213, 1994 

11. Perper, R. J., Najarian, J.S. Experimental renal heterotransplantation. II. Closely related 
species. Transplantation4: 700, 1966 

12. Hammer, C., Chaussy, C., Weber, H., et al. Exceptionally long survival time in xeno- 
geneic organ transplantation. Transplant Proc 13: 881, 1981 

13. Knechtle, S. J., Halperin, E. C., Bollinger, R. R. Xenograft survival in two species com- 
binations using total-lymphoid irradiation and cyclosporine. Transplantation 43: 173, 
1987 

14. Goto, T., Kino, T., Hatanaka, H., et al. Discovery of FK-506, a novel immunosuppres- 
sant isolated from Streptomyces Tsukubaensis. Transplant Proc 19: 4, 1987 

15. Kino, T., Hatanaka, H., Miyata, S., et al. FK-506, a novel immunosuppressant isolated 
from a streptomyces. II. Immunosuppressive effect of FK-506 in vitro. J Antibiot 40: 
1256, 1987 

16. Ochiai, T., Nakajima, K., Nagata, M., et al. Effect of a new immunosuppressive agent, 
FK-506, on heterotopic cardiac allotransplantation in the rat. Transplant Proc 19: 1284, 
1987 

17. Murase, N., Todo, S., Lee, P-H., et al. Heterotopic heart transplantation in the rat 
receiving FK-506 alone or with cyclosporine. Transplant Proc 19: 71, 1987 

18. Todo, S., Demetris, A. J., Ueda, Y, et al. Canine kidney transplantation with FK-506 
alone or in combination with cyclosporine and steroids. Transplant Proc 19: 57, 1987 

19. Todo, S., Ueda, Y., Demetris, A. J., et al. Immunosuppression of canine, monkey, and 
baboon allografts by FK 506 with special reference to synergism with other drugs, and 
to tolerance induction. Surgery 104: 239, 1988 

20. Starzl, T. E., Todo, S., Fung, J., et al. FK 506 for human liver, kidney and pancreas 
transplantation. Lancet 2: 1000, 1989 

21. Todo, S., Fung, J. J., Starzl, T. E., et al. Liver, kidney, and thoracic organ transplanta- 
tion under FK 506. Ann Surg 212: 295, 1990 

22. Langer, A., Valdivia, L. A., Murase, N., et al. Humoral and cellular immunopathology 
of hepatic and cardiac hamster-into-rat xenograft rejection - Marked stimulation of 

splenic B cells. Am J Pathol 143: 85, 1993 

23. Valdivia, L. A., Monden, M., Gotoh, M., et al. Prolonged survival of hamster-to-rat 
liver xenografts using splenectomy and cyclosporine administration. Transplantation 
44: 759 , 1987 

24. Liu, Y. J., Zhang, J., Lane, P. J. L., Chan, E. Y. T., MacLennan, I. C. M. Sites of specific B 
cell activation in primary and secondary responses to T-cell dependent and T cell- 
independent antigens. Eur J Immunol 21: 2951, 1991 

25. Janeway, C. A. The immune system evolved to discriminate infectious nonself from 
noninfectious self. Immunol Today 13: 11, 1992 

26. Herzenberg, L. A., Stall, A. M., Lalor, P. A., et al. The Ly-i B cell lineage. Immunol Rev 
93: 81, 1986 




336 



L.A. Valdivia, N. Murase, A.S. Rao, AJ. Demetris, JJ. Fung, and T.E. Starzl 



27. Bach, F. H., Dalmasso, A. P., Platt, J. L. Xenotransplantation: A current prospective. 
Transplant Rev 6: 163, 1992 

28. Pitre, J., Muller, E., Satake, M. Human xenoreactive natural antibodies against Gala(i- 
3) pig terminal residues are not produced by CD5'^ B lymphocytes. Transplant. Proc. 

28:545, 1996 

29. Van den Bogaerde, J., Aspinall, R. Wang, M-W, et al. Induction of long-term survival of 
hamster heart xenografts in rats. Transplantation 52: 15, 1991 

30. Lim, S. M. L., Whee, A., Chung, I., White, D. J. G. An analysis of xenograft rejection in 
the nude rat model. Transplant Proc 23: 581, 1990 

31. Thomas, F. T., Marchman, W., Carobbi, A., et al. Immunobiology of the xenograft 
response: xenograft rejection in immunodeficient animals. Transplant Proc 23: 308, 
1991 

32. Tsugita, M., Valdivia, L. A., Woo, J., et al. The effect of splenectomy on cardiac and 
liver xenografts in the Nude rat. Transplant Proc 26: 1210, 1994 

33. Putnam, C. W., Halgrimson, C. G., Groth, C. G., et al. Immunosuppression with cyclo- 
phosphamide in the dog. Clin Exp Immunol 22: 323, 1975 

34. Chen, S. F., Ruben, R. L., Dexter, D. L. Mechanism of action of the novel anticancer 
agent 6-fluoro-2-(2'-fluoro-i,i'-biphenyl-4-yl)-3-methyl-4-quinolinecarboxylic acid 
sodium salt (NSC368390): Inhibition of de novo pyrimidine nucleotide biosynthesis. 
Cancer Research 46: 5014, 1986 

35. Nelson, P. H., Eugui, E., Wang, C. C., Allison, A. C. Synthesis and immunosuppressive 
activity of some side-chain variants of mycophenolic acid. J Med Chem 33: 833, 1990 

36. Hayashi, M., Hirano, T., Yaso, M., Mizuno, K., Ueda, T. Studies on bredinin. III. Chem- 
ical synthesis of bredinin (A novel imidazole nucleoside). Chem Pharm Bull 23: 245, 

1975 

37. Takeuchi, T., linuma, H., Kunimoto, S., et al. A new antitumor antibiotic, spergualin: 
Isolation and antitumor activity. J Antibiotics 34: 1619, 1981 

38. Celli, S., Valdivia, L. A., Fung, J. J., et al. Long-term survival of heart and liver xeno- 
grafts with splenectomy and FK 506. Transplant Proc 25: 647, 1993 

39. Kumararatne, D. S., Gagnon, R. F., Smart, Y. Selective loss of large lymphocytes from 
the marginal zone of the white pulp in rat spleens following a single dose of cyclopho- 
sphamide. Immunol 40: 123, 1980 

40. Valdivia, L. A., Monden, M., Gotoh, M., et al. An important role of the spleen in rejec- 
tion of hamster-to-rat xenografts. Transplant Proc 20: 329, 1988 

41. Carobbi, A., Araneda, D., Patselas, T., Thomas, J. M., Mosca, F. Effect of splenectomy 
in combination with FK506 and 15-deoxyspergualin on cardiac xenograft survival. 
Transplant Proc 23: 549, 1991 

42. Demetris, A. J., Qian, S., Sun, H., et al. Early events in liver allograft rejection. Am J 
Pathol 138: 609, 1991 

43. Thomas, F., Araneda, D., Henretta, J., Pittman, K., Marchman, W. Extended and 
expanded studies of xenograft rejection in immunodeficient animals. Transplant 
Proc 26: 1224, 1994 

44. Arakawa, K., Akami, T., Okamoto, M., et al. Prolongation of heart xenograft survival in 
the NK-deficient rat. Transplant Proc 26: 1266, 1994 

45. Nielsen, B., Lillevang, S., Salomon, S., Steinbriichel, D. A., Kemp, E. Hamster hearts 
transplanted to normal Lewis rats and rnu/rnu rats (“Nude rats”) are rejected at the 
same tempo but by different mechanisms. Transplant Proc 26: 1189, 1994 




Use of Tacrolimus (FK506) and Antimetabolites as Immunosuppressants 



337 



46. Valdivia, L. A., Demetris, A. J., Fung, J. J., et al. Successful hamster-to-rat liver xeno- 
transplantation under FK506 immunosuppression induces unresponsiveness to ham- 
ster heart and skin. Transplantation 55: 659, 1993 

47. Nakamura, K., Murase, N., Becich, M. J., et al. Liver allograft rejection in sensitized 
recipients: observations in a clinically relevant small animal model. Am J Patholi42: 

1383, 1993 

48. Tsugita, M., Valdivia, L. A., Celli, S., et al. Prevention of sensitization and hyperacute 
rejection in liver and heart xenografts by FK 506 plus donor antigens. Transplant Proc 
27: 277, 1995 

49. Tsugita, M., Rao, A. S., Sun, H., et al. Pretreatment of recipients (Nude rat) with donor 
antigens leads to prolonged survival of hamster heart xenografts. Transplant Proc 
28: 706, 1996 

50. Valdivia, L. A., Lewis, J. H., Celli, S., et al. Hamster coagulation and serum proteins in 
rat recipients of hamster xenografts. Transplantation56: 489, 1993 

51. Celli, S., Valdivia, L. A., Kelly, R. H., et al. Functional cooperation of xenoproteins after 
hamster-to-rat liver transplantation: With particular reference to hamster C3 and 
secretory component for rat IgA. Xenotransplantation 2: 46, 1995 

52. Tanaka, M., Murase, N., Nomoto, M., et al. Tacrolimus (FK5o6)-dependent tolerance 
after liver and heart xenotransplantation: Inhibition of humoral response and accep- 
tance of donor organs. Transplant Proc 28: 679, 1996 

53. Starzl, T. E., Demetris, A. J., Murase, N., et al. Cell migration, chimerism, and graft 
acceptance. Lancet 339: 1579, 1992 

54. Starzl, T. E., Demetris, A. J., Trucco, M., et al. Cell migration and chimerism after 
whole organ transplantation: The basis of graft acceptance. Hepatology 17: 1127, 

1993 

55. Starzl, T. E., Demetris, A. J., Trucco, M., et al. Chimerism and donor specific nonreac- 
tivity 27 to 29 years after kidney allotransplantation. Transplantation 55: 1272, 1993 

56. Starzl, T. E., Murase, N., Demetris, A. J., et al. Drug development and testing in rela- 
tion to cell migration and chimerism. Transplant Proc 25: 469, 1993 

57. Hourcade, D., Holers, V. M., Atkinson, J. P. The regulators of complement activation 
(RCA) gene cluster. Adv Immunol 45: 381, 1989 

58. Nicholson-Weller, A., Burge, J. Isolation of a human erythrocyte membrane glycopro- 
tein with decay-accelerating activity for C3 convertases of the C system. J Immunol 
129: 184, 1982 

59. Seya, T., Turner, J. R., Atkinson, J. P. Purification and characterization of a membrane 
protein (gp 45-70) that is a cofactor for cleavage of C3b and C4b. J Exp Med 163: 837, 
1986 

60. Schoenermark, S., Rauterberg, E. W., Shin, M. L., et al. Homologous species restriction 
in lysis of human erythrocytes: a membrane- derived protein with C8-binding capacity 
functions as an inhibitor. J Immunol 136: 1772, 1986 

61. Zalman, L. S., Wood, L. M., Mueller-Eberhard, H. J. Isolation of a human erythrocyte 
membrane protein capable of inhibiting expression of homologous complement trans- 
membrane channels. Proc Natl Acad Sci USA 83: 6975, 1986 

62. Rollins, S. A, Zhao, J., Ninomiya, H., Sims, P. J. Inhibition of homologous complement 
by CD59 is mediated by a species-selective recognition conferred through binding to 
C8 within C5b-8 or C9 within C5b-9. J Immunol 146: 2345, 1991 




338 



L.A. Valdivia, N. Murase, A.S. Rao, AJ. Demetris, JJ. Fung, and T.E. Starzl 



63. Valdivia, L. A, Fung, J. J., Demetris, A. J., et al. Donor species complement after liver 
xenotransplantation: The mechanism of protection from hyperacute rejection. Trans- 
plantation 57: 918, 1994 

64. Starzl, T. E., Murase, N., Tzakis, A., et al. Clinical xenotransplantation. Xenotransplan- 
tation 1: 3, 1994 

65. Platt, J. L, Bach, F. H. The barrier to xenotransplantation. Transplantation 52: 937, 1991 

66. White, D. J. G., Braidley, P., Dunning, J., et al. Hearts from pigs transgenic for human 
DAF are not hyperacutely rejected when xenografted to primates. The Third Interna- 
tional Congress for Xenotransplantation. September 27-October 1, 1995. Boston, MA, 
USA 

67. Miyazawa, H., Murase, N., Demetris, A. J., et al. Hamster to rat kidney xenotransplan- 
tation - Effects of FK506, cyclophosphamide, organ perfusion, and complement inhi- 
bition. Transplantation 59: 1183, 1995 

68. Miyazaki, W., Tamaoka, H., Shinohara, M., et al. A complement inhibitor produced by 
Stachybotrys complement!, nov. sp. K-76, a new species of Fungi Imperfect!. Microbiol 
Immunol 24: 1091, 1980 

69. Starzl, T. E., Tzakis, A., Fung, J. }. Prospects of clinical xenotransplantation. Transplant 
Proc 26: 1082, 1994 

70. Ye, Q., Murase, N., Tanaka, M., et al. Possible functional incompatibility and adapta- 
tion of hamster kidney graft in xenogeneic rat environment. Transplant Proc 28: 694, 
1996 

71. Jeekel, J., de Putter, C., Lameyer, L. D. F., Westbroek, D. L. The survival of mouse skin 
and heart heterografts in rats treated with xenogeneic hyperimmune anti-donor anti- 
serum. Transplantation 17: 605, 1974 

72. Nakajima, K., Sakamoto, K., Ochiai, T., et al. Prolongation of cardiac xenograft survi- 
val in rats treated with 15-deoxyspergualin alone and in combination with 
FK5o6.Transplantation 45: 1146, 1988 

73. Pan, F., Valdivia, L. A., Tsugita, M., et al. FK 506 prolongs survival of liver but not 
heart mouse-to-rat vascularized xenografts. Transplant Proc 26: 1211, 1994 

74. Valdivia, L. A., Pan, F., Tsugita, M., et al. The protection from humoral rejection given 
by a liver xenograft is species-specific and non-MHC restricted. Transplant Proc27: 
270, 1995 

75. Valdivia, L. A., Murase, N., Rao, A. S., et al. Perioperative treatment with phosphatidic 
acid inhibitor (lisofylline) leads to prolonged survival of hearts in the guinea pig -> rat 
xenotransplant model. Transplant Proc 28: 749, 1996 

76. Valdivia, L. A., Sun, H., Rao, A. S., et al. Prolonged survival of hearts obtained from 
chimeric donors in a mouse rat xenotransplant model. Transplant Proc 28: 744, 1996 

77. Beschorner, W. E., Qian, Z., Mattei, P., et al. Induction of human chimerism and func- 
tional suppressor cells in fetal pigs. Feasibility of surrogate tolerogenesis for xeno- 
transplantation. Transplant Proc 28: 648, 1996 




V Experimental Xenotransplantation Between 

Widely Disparate Species 




25 Roles of Anti-aGal Antibody and Oligosaccharide 
Therapy in Xenotransplantation 

RA. Neethling, S. Taniguchi, S.R Li, E. Koren, R. Oriol, R.D. Cummings, and 
D.K.C. Cooper 



Introduction 

It is now generally agreed that the hyperacute rejection (HAR) of pig organs by 
both human and nonhuman primates is related to the presence of preformed “nat- 
ural” antibodies in the host [1-4]. The true origin of these antibodies is specula- 
tive, but they develop within a few weeks after birth, probably as soon as the neo- 
nate’s gastrointestinal tract becomes colonized by microorganisms [5, 6]. The 
antibody- antigen reaction that takes place on the surface of the vascular endothe- 
lium stimulates the complement cascade and “activates” the endothelial cells [7], 
leading to endothelial cell damage with capillary disruption and interstitial 
hemorrhage [8], resulting in rapid destruction of the tissues with loss of function. 



Concept of Accommodation 

There is evidence from both clinical [9-11] and experimental [12-15,16] studies of 
allografting across the ABO histo-blood group barrier that if anti-A or anti-B anti- 
bodies can be depleted (or otherwise inhibited) for a relatively short period of 
time (days rather than weeks) then an ABO-incompatible organ transplanted dur- 
ing this “window” will not be hyperacutely rejected despite the subsequent return 
of normal levels of antibody and complement. This concept, first demonstrated in 
clinical ABO-incompatible kidney transplantation by Alexandre et al. [9, 10], has 
variously been termed anergy, adaptation, or accommodation [17]. The mechan- 
ism by which accommodation occurs remains unclear, but there is some evidence 
that the target antigens are masked or capped, possibly by blocking antibody [12]. 

It should not be overlooked that “accommodation” occurs spontaneously with 
no specific therapeutic intervention in approximately one third of patients who 
receive an ABO-incompatible heart [18], kidney [19, 20] or liver [21] allograft. 
Long-term graft survival has been documented in this group of patients despite 
the continuing presence of anti-A and/or anti-B antibodies. The remaining two 
thirds reject their organ allografts either hyperacutely (in the case of the heart 
and kidney) or in an accelerated manner (in the case of the liver). The reasons 
and mechanisms whereby antibody-mediated rejection does not occur in one 
third of recipients of ABO-incompatible organs remain unknown. 

A similar situation has been demonstrated in the baboon, but in this species 
spontaneous accommodation occurs in approximately two thirds of recipients 
[22] as opposed to only one third in humans. 
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After the demonstration that accommodation could occur after ABO-incompa- 
tible organ transplantation, the phenomenon was initially explored in discordant 
xenotransplantation by both the Cape Town group using the pig-to-baboon car- 
diac model [23] and by the Bruxelles group using the pig-to-baboon renal model 
[24]. Although truly long-term accommodation has not been achieved following 
the transplantation of a discordant xenograft, some prolongation of survival of 
both hearts (for periods of days to weeks) [23, 25-28] and kidneys (for a period 
of up to 22 days) [24] has been reported, and further investigation seems war- 
ranted. 



Transplantation of ABO-Incompatible Allografts - 
A Paradigm of Discordant Xenotransplantation 

The histo-blood group A and B epitopes, against which anti-A and anti-B anti- 
bodies are directed, are carbohydrates, the structures of which have been accu- 
rately defined (Fig. 1) [29-33]. Furthermore, these trisaccharides can be synthe- 
sized [33, 34] and, when attached to a solid support, act as highly efficient 
immuno affinity columns. Plasma or blood repeatedly passed through such a col- 
umn is rapidly depleted of the respective antibody, as first demonstrated by Ben- 
singer et al [35-37] and Bannett et al. [11]. 

Following successful preliminary studies by Romano and his colleagues [38- 
40], in 1987 we began an exploration of the possibility of preventing hyperacute 
rejection of ABO-incompatible baboon cardiac allografts by the intravenous 
(i.v.) infusion of the specific A or B trisaccharide against which the anti-A or 
anti-B antibodies were directed. When the trisaccharide is infused continuously 



Fig.l. A Trisaccharide 
ethyl ester {top) and B 
trisaccharide ethyl ester 
(bottom) 




aGalNAc(1 ~»3)(3Gal 
aFuc 
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aGal(1->3)8Gal 
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into the host’s circulation, the specific antibodies bind to the trisaccharide and are 
thus “neutralized,” i.e., they are no longer freely available to “attack” the trans- 
planted ABO-incompatible organ [12,14,15,16]. As the trisaccharide is a small mole- 
cule, a hapten-like effect results, leading neither to immunogenicity nor comple- 
ment activation. The trisaccharide is rapidly excreted in the urine and bile, 
immune complexes are not formed, and therapy in baboons is totally innocuous. 

In the anti-A or anti-B hypersensitized baboon receiving both trisaccharide 
infusion and conventional pharmacologic immunosuppressive therapy (cyclos- 
porine, azathioprine or cyclophosphamide, and corticosteroids), survival of 
ABO-incompatible cardiac allografts was extended from a mean of 19 min in con- 
trol experiments to more than 28 days. Accommodation was clearly achieved in 
several cases; in one baboon the graft functioned for >30 days after cessation 
of trisaccharide infusion. 



Identification of Human Anti-Pig Antibodies as Anti-aGal Antibodies 

The results of these ABO-incompatible studies suggested to us that similar tech- 
niques of antibody adsorption or inhibition would be possible if the antibody (or 
antibodies) that initiated discordant xenograft destruction also proved to be 
directed against a carbohydrate epitope. In 1990, when we began this study, we 
could find only one reference in the literature that gave some support to this pos- 
sibility [41], although subsequently two further reports provided stronger evi- 
dence that the epitope might be a glycoprotein [42] or glycolipid [43]. 

(There is, however, one major difference between the problems of ABO incom- 
patibility in allografting and those of discordant xenografting. In the latter situa- 
tion, the transplanted organ expresses complement-inhibiting proteins that are 
heterologous and therefore believed to be less able to protect the organ from 
the effects of host complement. This may prove a significant difference, but 
experimental studies have not yet progressed to the stage where this can be 
determined.) 

Human plasma was infused through pig hearts or kidneys and the anti-pig 
antibodies were eluted out [12, 13, 16, 44-47]. Human preformed antibodies react- 
ing with porcine heart endothelium were found to belong to three immunoglobu- 
lin classes (IgG, IgA, and IgM), all of which bound to the surface of cultured pig 
kidney cells. Anti-pig immunoglobulins also competed for the pig cell surface 
epitopes with the Griffonia simplicifolia iso-lectin GS1-B4 which is specific for 
oligosaccharides with a terminal a-galactose. 

These anti-pig antibodies were then tested against a panel of synthetic carbo- 
hydrate hapten-BSA conjugates, and the specificity of the antibodies was deter- 
mined. By far the strongest binding was to oligosaccharides with an a-galactosyl 
(aGal) terminal residue (Fig. 2); these included (a) aGal-R (a-galactose), (b) 
aGali-3PGal-R (aGal disaccharide), (c) ai-3PGali-4GlcNAc-R (aGal type 2 tri- 
saccharide), and (d) aGali-3pGali-4PGlc-R (aGal type 6 trisaccharide), where 
R is (CH2)8C00CH3 [12, 13, 16, 44, 45]. Both IgG and IgM anti-aGal components 
were identified [44, 45], and later IgA anti-aGal antibodies were also recognized 

[48, 49]. 
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aGal(l -^3)f3Gal-R 
B disacchande 




aGal( 1 -»3) 6Gal( 1 ->4) OGIcN Ac- R 
linear B type 2 



aGal( 1 -^3) BGal( 1 ->4) BGIc- R 
linear B type 6 



Fig. 2. Three of the major carbohydrate structures that bind human antibodies eluted from pig 
heart, kidney, and red blood cell stroma: aGal disaccharide (top), aGal trisaccharide type 2 
{middle)^ and aGal trisaccharide type 6 {bottom). R=(CH2)8COOCH3 



Some of the individual eluted antibody preparations also bound to other carbo- 
hydrate antigens (Table i), including A or A-like carbohydrates, Forssman disac- 
charide and trisaccharide, a-L-rhamnose and rhamnose-containing structures, 
and iSf-acetyl-P-D-glucosaminide (PGlcNac)-containing structures. However, none 
of these antigens was bound by significant levels of antibody in all preparations, 
whereas antibodies reacting with the aGal type 2 and type 6 trisaccharides and 
the aGal disaccharide were present in every preparation tested. Based on enzyme- 
linked immunosorbent assay (ELISA), the anti-aGali-3Gal antibody specificity 
appeared to represent by far the most significant human anti-pig carbohydrate 
antibodies. The important role of anti-aGal antibodies in the HAR of pig organs 
by human (and baboon) serum, documented originally by Good et al. in 1991 [44], 
has subsequently been confirmed by several other groups [50-55], although other 
antibodies may possibly play a role in xenograft rejection in some subjects [56]. 

More recent studies by our group, in collaboration with Michler and his col- 
leagues in New York, have included an investigation of the presence of anti-aGal 
antibody in newborn humans and baboons. Anti-aGal antibody has been identi- 
fied in one of four newborn baboons [57] and two of five newborn humans 
(unpublished data). They were of the IgG class and presumably were of maternal 
origin, having crossed the placenta antenatally. The absence of antibody in sev- 
eral neonates of both species lends support to the concept that these antibodies, 
like the anti-ABH antibodies, develop in neonates in response to the presence of 
certain microorganisms in the gastrointestinal tract [58], and therefore probably 
play a role in the body’s defense mechanism against infection. Avila and collea- 
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Table 1. Carbohydrate structures that bind to human anti-pig kidney and/or anti-pig heart anti- 
bodies (from [44]) 



Antigen 


Trivial name 


Chemical structure 


Anti-pig i 


samples with strong binding 


group 






(OD > 0.5) 












Anti-pig kidney («=4) 


Anti-pig heart {n=2) 








Human 0 


Human AB 


Human 0 


Human AB 








plasma 


plasma 


plasma 


plasma 


B-like 


Linear B type 2 


aGal(l-^3)pGal 

(l-^4)pGlcNAc-R 


4 


4 


1 


2 




Linear B type 6 


aGal(l — > 3)pGal 
(1^4)PGlc-R 


4 


4 


1 


2 




B disaccharide 


aGal(l->3)pGal-R 


4 


4 


1 


2 




a-D-Galactoside 


aCal-R 


3 


4 


ND 


ND 


B 


B type 4 


aCal(1^3)pGal 
(1^3)pGalNAc-R 
(1 2)aFuc 


3 


0 


0 


0 




B type 5 


aGal(l 3)PGal 
(l-^3)PGal-R 
(1 — > 2)aFuc 


3 


0 


1 


0 


A-like 


A disaccharide 


aGalNAcd -4 3) 
PGal-R 


2 


0 


1 


2 




Linear A type 6 


aGalNAc(l 3)PGal 
(1^4)PGlc-R 


2 


0 


0 


1 




Forssman 


aGalNAcd 3)PGal 


2 


0 


1 


2 




disaccharide 


NAc-R 












Forssman 


aGalNAc(l ^3) 


3 


0 


1 


2 




trisaccharide 


PGalNAc(1^3) 

aGal-R 










A 


A trisaccharide 


aGalNAc(l ^ 3) 
PGal-R(1^2)aFuc 


3 


0 


0 


0 




A type 4 


aGalNAc(1^3)PGal 
(1^3)PGalNAc-R 
(1 2)aFuc 


2 


0 


1 


0 




A type 5 


aGalNAc(1^3)PGal 
(1^3)PGal-R 
(1 2)aFuc 


2 


0 


1 


0 




A type 6 


aGalNAc(l-^3)pGal 
(1^4)PGlc-R 
(1 — > 2)aFuc 


2 


0 


1 


0 


P 


PI 


aGal( 1^4) PGal-R 


3 


0 


1 


2 




Paragloboside 


PGal(l-^4)PGlcNAc 

(l-^3)PGal 

(1^4)PGlc-R 


0 


0 


1 


0 


pClcNAc- 


N- Acetyl- P-D- 


PGlcNAc-R 


2 


3 


1 


2 


containing 


glucosaminide 


PGlcNAc(l->4) 

PGlcNAc-R 


0 


1 


1 


2 


Rhamnose- 


a-L-Rhamnose 


a-L-Rha-R 


0 


2 


1 


2 


containing 




a-L-Rha(l 3) 
pGlcNAc(1^2) 
a-L-Rha-R 
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Table 1. (Continued) 


Antigen 


Trivial name 


Chemical structure 


Anti-pig samples with strong binding 


group 






(OD > 0.5) 












Anti-pig kidney (n=4) 


Anti-pig heart {n=2) 








Human 0 


Human AB 


Human O 


Human AB 








plasma 


plasma 


plasma 


plasma 


Other 




aGalNAc(1^2) 


1 


1 


1 


2 






pOal-R 

aGalNAc(l 4) 


1 


0 


1 


1 






pGal-R 

PGalNAc(1^2) 

pGal-R 


0 


2 


1 


2 






PGal(l->3) 

PGalNAc-R 


0 


1 


1 


0 






aGlc(l ^2)PGal-R 


1 


0 


1 


1 






PGlc(1^2)PGal-R 


1 


0 


1 


1 






pGlc(l ^2)aMan-R 


1 


1 


1 


1 






aMan(l ^ 6)aMan-R 


0 


1 


1 


2 



Modified from [45]). 

R, 0-(CH2)8-CO-NH-bovine serum albumin; Gal, galactose, Fuc, fucose, Rha, rhamnose, GlcNAc, 
AT-acetylglucosamine, GalNAc, 7^-acetylgalactosamine, Man, mannose, ND, not done. 



gues, however, demonstrated an absence of anti-aGal antibody in only io % of 
newborn infants (J.L., Avila, personal communication). 

Considerable variation in the degree of cytotoxicity in individual human sera 
towards cultured pig (PK15) cells has been demonstrated [48]. Samples of human 
serum from 75 individuals of histo-blood group AB (to exclude any possible 
cytotoxic effect of anti-A or anti-B antibodies) showed widely differing cytotoxi- 
city to pig cells in vitro, with PK15 cell death ranging from 1 % to 100 % 
(although 67% of sera killed at least 50 % of the cells). The degree of cytotoxicity 
correlated with the titer of anti-aGal antibody, which also varied considerably 
among human sera. This finding is in contradistinction to previously reported 
data that suggested that all human sera showed a similar degree of cytotoxicity 
towards pig tissues [59]. Furthermore, we have found it easier to adsorb out 
or inhibit anti-aGal antibodies in some individuals than in others. 

Anti-aGal antibodies were first identified in 1984 by Galili and his colleagues, 
who subsequently reported that these antibodies could only be detected in 
humans, apes and Old World monkeys and are not present in the lower nonhu- 
man primates or other mammals [60-62]. The aGal antigen, however, is present 
in lower mammals. The gene encoding for ai,3-galactosyltransferase, which is 
essential for the production of a-galactose, is present in humans as a processed 
pseudogene [63] or has undergone a frameshift mutation and is no longer func- 
tional [64]. Galili et al. [65] initially focused their studies on autoimmune disor- 
ders, but in 1993 presented evidence supporting the concept that anti-aGal anti- 
bodies play a significant role in the hyperacute rejection of transplanted pig 
organs [51]. 
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Identification of the Carbohydrate Epitopes on Pig Vascular 
Endothelium 

Pig tissues were screened by immunofluorescence with lectins, monoclonal anti- 
bodies and human natural antibodies for the presence of carbohydrate antigens 
on the vascular endothelium which may be potential targets for HAR in pig-to- 
human xenotransplantation. The results, reviewed elsewhere in this volume 
(Chap. 4), demonstrated the presence of aGal epitopes on the vascular endo- 
thelium of all organs examined [66,67]. Samuelsson et al. [68, 69] in Goteborg 
confirmed the structure of the epitope and determined the complete pentasac- 
charide structure of the major pig kidney aGal neutral glycosphingolipid to be 
aGali-3PGali-4(3GlcNAci-3PGali-4PGlci-i ceramide. 



Inhibition of Serum Cytotoxicity by aGal Oligosaccharides In Vitro 

Initial studies using the chromium (’^Cr) release assay with labeled target cells of 
pig kidney cell line LLC PKi, pig erythrocytes, and pig lymphocytes demon- 
strated that cytotoxicity of human serum of any ABO group could be signifi- 



Fig.3. A Human O plasma 
and B human AB plasma 
were incubated alone, 
with uncoated Chromo- 
sorb P, or with various 
carbohydrate structures 
attached to the Chromo- 
sorb P (SYNSORB). These 
plasmas were also per- 
fused through pig heart 
tissue and then collected. 
Samples were used to 
measure antibody- 
mediated lysis using 
chromium release from 
labeled target cells of pig 
kidney cell line LLCPKi 
(total release, i7300cpm), 
pig erythrocytes (total 
release, 9100 cpm), and 
pig lymphocytes (total 
release, 11 300 cpm). Lac- 
NAc SYNSORB, pCali- 
4PG1 cNAc bound to Syn- 
sorb. (From [44]) 

Solid bars-pig kidney 
cells. Shaded bars-pig 
RBC. Open bars-pig 
lymphocytes 
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cantly reduced after passage through an immuno affinity column of an aGal tri- 
saccharide or disaccharide [44] (Fig. 3). Antibody-mediated lysis of sheep and 
bovine erythrocytes was also reduced by preadsorption of human plasma with 
immobilized aGali-sGal oligosaccharides, suggesting that human anti-aGal anti- 
bodies were directed against the same aGal epitopes in several nonprimate mam- 
mals. Lysis of pig kidney cells was also virtually abolished when human plasma 
was incubated with any one of the three soluble aGal oligosaccharides. Haptens 
of unrelated structure did not inhibit these cytotoxic antibodies. 

These initial experiments demonstrated some heterogeneity in the population 
(later confirmed independently by Cairns et al. [70]), since the cytotoxic antibo- 
dies found in some plasma apparently required adsorption by the aGal trisac- 
charide structure while the aGal disaccharide was sufficient in other plasma. 
Similarly, the cytotoxicity of some sera was more markedly reduced by immu- 
noadsorption with the type 2 trisaccharide than the type 6, and vice versa. 

In 1992, Koren et al. [71] developed a simple in vitro test to measure human 
and baboon serum cytotoxicity to pig cells. Pig kidney (PK15) cells, which 
were demonstrated to express abundant aGal epitopes, are grown in cell culture, 
and live cells are differentiated from dead using a two-color fluorescence techni- 
que. Unmodified human or baboon plasma, when incubated with these cells for 
60 min, leads to death of a percentage of cells (the percentage varying between 
individuals [48]). Extensive studies utilizing this test have confirmed that cyto- 
toxicity of both human and baboon sera can only be significantly reduced or 
abolished by aGal structures with an ai-3 linkage, and not by a large selection 
of other carbohydrates [49, 72] (Table 2). Inhibition of cytotoxicity is dependent 
on the concentration of aGal oligosaccharide (Fig. 4). Importantly, we (F.A. 
Neethling et al., unpublished) and others [73] have demonstrated that cell 
death can be prevented by prior treatment of the cells with a-galactosidase. 

Oligosaccharide Concentration (in \iM) 

in serum 

Human Baboon 

1 . Fucal-2Gaipi-R >10 000 >10 000 

2. Gaipi-R >10 000 >10 000 

3. Galal-2Gaipi-R’ 7000 >10 000 

4. Galal-3Gal 386(±149)^ 301(±44)^ 

5. Galal-3Gaipi-4Gal 163(±73)^ 141(±60)^ 

6 . Galal-3Gaipi-4Galal-3Gal 54(±31)^ 119(±30)^ 

7. Galal-3Gaipi-4GlcNAc 27(±11)^ 31(±4)^ 

From [74]. 

Bold type indicates structural differences of the oligosaccharide 
from the major pig vascular endothelium glycolipid Galal- 
3Galpl-4GlcNAcpl-3Galpl-4GlcPl-Cer. R represents one to 
three or one to four linkages to Gal or to GlcNAc; R’ is - 
0 (CH 2 ) 3 NHC 0 CF 3 . The results of the strong inhibitors'”^ are 
expressed as mean ± SD (n=3). Statistical significance: a vs. c 
{ty 3.1); a vs. d (t, 3.9); b vs. d (t, 3.1); e vs. h (t, 9.7); f vs. h {U 
3.1); g vs. h {ty 5.4), all with p< 0 . 02 . The other comparisons did 
not reach the p=0.05 level of significance. 



Table 2. Concentration of 
oligosaccharides needed to 
obtain 50 % inhibition of 
cytotoxicity of unmodified 
human or baboon serum on 
PK 15 cells 
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Fig.4A,B* Reduction in cytotoxicity of (A) human and (B) baboon serum on PK15 cells after in- 
cubation of serum with increasing concentrations of a-galactosyl oligosaccharides (Dextra, Read- 
ing, UK). B disaccharide is aGali-3Gal; B trisaccharide is aGali-3pGali-4Gal; B tetrasaccharide 
is aGali-3pGali-4aGali-3Gal. (From [72]) 



which removes the terminal aGal molecule, thus confirming the importance of 
anti-aGal antibody- antigen binding to the cytotoxicity of the serum. 

Recent observations suggest that, although anti-aGal antibodies recognize the 
epitope from its non-reducing end, substitutions at the reducing terminus can 
also modify the antibody-binding capacity [74]. The addition of methyl-a-Gal 
to human serum gives weak inhibition of cytotoxicity (Fig. 4), whereas the 
Galai-3Gal disaccharide substantially inhibits the reaction, and the Galai- 
3Gaipi-4GlcNAc trisaccharide is ten times more efficient. The modification 
from a to P anomeric configuration of the non-reducing end results in a complete 
loss of activity, while substitutions at the reducing end induce only a partial loss 
of activity. Modified tri- and tetrasaccharides are better inhibitors than the disac- 
charide, but not as good as the trisaccharide Galai-3Gaipi-4GlcNAc. The redu- 
cing terminus therefore contributes some energy to the reaction, indicating that 
certain oligosaccharides will be of more potential clinical use than others. 
Furthermore, data from Rieben et al. [49] suggest that the stereochemical presen- 
tation of the aGal oligosaccharide plays an important role and must be considered 
in designing oligosaccharides intended for neutralization of anti-pig antibodies. 



In Vivo Studies of "Oligosaccharide Therapy" in Baboons 

Having shown in vitro that the antibody could be readily adsorbed from human 
or baboon plasma by an immuno affinity column of aGal trisaccharide and, 
furthermore, that the adsorbed plasma was not cytotoxic to pig PK15 cells (but 
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that the anti-aGal antibodies eluted from the column were highly cytotoxic [72], 
in vivo studies were undertaken [75, 76]. 

Initially, none of the aGali-3Gal oligosaccharides was available to us in the large 
quantities required for extracorporeal immunoadsorption (EIA) or continuous 
i.v. infusion in baboons. As our in vitro studies had demonstrated that melibiose 
(aGali-6Glc) and arabinogalactan (an impure polysaccharide of plant origin with 
an aGal terminal residue) had some protective effect on the cytotoxic activity of 
both human and baboon sera [72], we chose to infuse these, even though they 
were effective only at 50-100 times the concentration of the aGal disaccharide. 

The i.v. infusion of melibiose and/or arabinogalactan at extremely high concen- 
trations (<5og/h) completely eliminated the cytotoxicity of the serum to PK15 
cells in four of 15 baboons, and greatly reduced it in all others. (The i.v. infusion 
of carbohydrates devoid of terminal aGal, such as dextrose, dextran, or mannitol, 
even in high concentrations, i.e., <40 g/h, had no effect). However, if continued for 
more than a few hours or days, these infusions were toxic, manifested by hemor- 
rhage in the kidneys and lungs and, although pig heart survival in one baboon was 
extended (from a control of 10 min) to more than 12 h, were clearly not suitable for 
the long-term infusion necessary to allow accommodation to develop. 

The efficacy of EIA was also demonstrated in these studies. Utilizing an immu- 
noaffinity column of melibiose, the EIA of baboon plasma on four consecutive 
days reduced serum cytotoxicity to PK15 cells to less than 20 %. After the fourth 
immunoadsorption, the addition of an i.v. infusion of arabinogalactan or meli- 
biose reduced serum cytotoxicity further to 2%-i2%. 

More recently, we have been able to obtain sufficient aGal disaccharide to 
make up an immuno affinity column for the EIA of anti-aGal antibodies in 
three baboons [77, 78]. In all three cases, EIA was effective in significantly redu- 
cing serum cytotoxicity and the level of anti-aGal antibody in the baboon serum. 
When pharmacologic immunosuppression was added and prior splenectomy car- 
ried out, anti-aGal antibody levels and cytotoxicity were both negligible after a 
course of EIA. This state persisted in one baboon for a period of almost 
3 weeks (Fig. 5). Although no pig organ transplants were performed in this initial 
study, the protocol clearly reduced serum cytotoxicity to the point that it would 
seem likely that HAR would not occur and that accommodation might develop. 
Studies are progressing to confirm this conclusion. 



Porcine Stomach Mucin as a Source of aGal Oligosaccharide 

Chemically synthesized oligosaccharides are expensive and difficult to produce in 
large quantities (although these disadvantages are likely to be overcome by the 
use of enzymatic techniques of production). We therefore searched for another 
cheaper and more plentiful source of aGal oligosaccharide. After studies by 
Zhao et al. [79] had demonstrated that porcine stomach mucin (PSM) at various 
concentrations reduced the cytotoxic activity of human serum on pig endothelial 
cells, we undertook an extensive study of PSM both in vitro and in vivo [80-82]. 
(Chemical analysis indicates that PSM comprises of (w/w): 37% hexosamine, 27% 
total hexose, 10% fucose, 20% protein, and 6% neuraminic (sialic) acid [83]. 
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Fig. 5A,B. Changes in (A) serum cytotoxicity to PK15 cells and anti-aGal antibody level (measured 
by mouse laminin enzyme-linked immunosorbent assay, ELISA) and (B) anti-pig IgM and IgG 
levels (measured by pig PK15 cell ELISA). EM, extracorporeal immunoadsorption; OD, optical 
density. (From [77]) 



Carbohydrate compositional analysis of PSM shows that it contains primarily 
four monosaccharides - fucose, galactose, AT-acetyl-galactosamine (GalNAc), 
and AT-acetyl-glucosamine (GlcNAc) (S.R Li, unpublished). 

A crude preparation of PSM inhibited the cytotoxicity of both baboon and 
human sera to PK15 cells in vitro, reducing pig cell death to 7 % and 30 %, respec- 
tively, at 2.5mg/ml. Passage of human serum over an immunoaffinity column of 
crude PSM also resulted in a reduction in cytotoxicity to 240/0-44% (depending 
on the solid matrix used). The i.v. administration of crude PSM to a baboon led 
to significant, but incomplete, inhibition of serum cytotoxicity to PK15 cells. 

Due to the size and composition of the PSM molecules, PSM is almost cer- 
tainly immunogenic. Crude PSM was therefore purified by ( 3 -elimination (to 
remove the protein fraction) and immunoaffinity chromatography on a column 
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Fig. 6. Reduction of cytotoxi- 
city of baboon serum to cul- 
tured PK15 cells by porcine 
stomach mucin oligosacchar- 
ides (PSMO). The initial 
cytotoxicity of the serum was 
low. The antibody column- 
bound PSMO was approxi- 
mately 15 times more efficient 
than the antibody column- 
unbound PSMO, and four 
times more efficient than the 
total (P-eliminated) PSMO in 
reducing cytotoxicity of 
baboon serum to PK15 cells 




10 ' lo"" 10^ 

Hexose of PSMO (pg/ml) 



of anti-aGal antibody to give rise to three different PSM oligosaccharide fractions 
(PSMO): (1) P-eliminated (total), (2) antibody (Ab) column-bound, and (3) Ab 
column-unbound. These PSMO were also tested both in vitro and in vivo. The 
most potent inhibitor of the cytotoxicity of baboon serum to PK15 cells in 
vitro was the anti-aGal Ab column-bound PSMO (i.e., predominantly aGal oligo- 
saccharides), followed by the P-eliminated PSMO, with the Ab column-unbound 
PSMO being the least effective (Fig. 6). In vivo studies demonstrated that both P- 
eliminated and, particularly, Ab column-bound PSMO significantly inhibited (a) 
baboon serum cytotoxicity and (b) binding of baboon anti-aGal antibodies to 
mouse laminin for 72 h after i.v. infusion (Fig. 7). 
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Fig. 7. Inhibition of baboon serum cytotoxicity to PK15 cells and of anti-aGal antibody binding to 
mouse laminin by the intravenous infusion of 6.8 mg antibody column-bound porcine stomach 
mucin oligosaccharides {PSMO) administered over 10 min. Both cytotoxicity and antibody bind- 
ing were markedly reduced for 48 h, at which time a rebound of both cytotoxicity and antibody 
binding is seen. The arrow indicates the time of infusion of antibody column-bound PSMO 
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Comment 

In summary, therefore, we have documented that HAR is primarily initiated by 
preformed anti-aGal antibodies present in human (and nonhuman primate) 
serum directed against aGal epitopes on the surface of the vascular endothelium 
of the pig. Present evidence is that no other antibodies play a major role, 
although this cannot be totally excluded in all cases. Activation of the comple- 
ment system follows, leading to rapid destruction of the transplanted organ. 
When HAR is avoided by some form of immune manipulation, other mechan- 
isms (possibly also related to the presence of anti-aGal antibody) lead to early 
graft destruction by what has been termed “delayed xenograft (vascular) rejec- 
tion” [27, 84, 85], which is discussed elsewhere in this volume. For example, 
when complement activity is completely negated by the administration of 
cobra venom factor to the host, features suggestive of vascular or mixed vascu- 
lar/cellular rejection, (although not hyperacute), still develop within a few days 
[27, 85]. 

We have therefore suggested the development of immunoaffinity columns of 
an aGal oligosaccharide capable of being used in an EIA system to deplete 
anti-aGal antibodies from the host, during which period the pig organ would 
be transplanted into the human recipient. Alternatively, or in addition, the con- 
tinuous i.v. infusion of an oligosaccharide into the host to “neutralize” antibody 
would also be beneficial until the organ is accommodated. Whether prior sple- 
nectomy will increase the likelihood of accommodation occurring (by reducing 
the rebound of anti-aGal antibody) remains uncertain. Observations in this 
regard from the related field of organ allotransplantation in the presence of 
ABO incompatibility are conflicting, with Alexandre et al. observing improved 
results in splenectomized patients [9, 10], although splenectomy was not essential 
in our own studies in baboons [14, 15]. As it has been well-documented that sple- 
nectomy results in less rebound of antibody after antibody depletion [86], this 
procedure may well be beneficial. 

Concomitant pharmacologic immunosuppressive therapy will clearly be 
required to prevent the subsequent development of cellular rejection and perhaps 
also to reduce the production of new antibody by B lymphocytes, particularly 
during the early post-transplant period while accommodation is taking place. 
If accommodation proves not to be a mechanism by which discordant xenotrans- 
plantation can be achieved, then acceptance of a discordant xenograft might still 
be possible if, following removal of the human anti-pig antibodies, their titer 
could be maintained at very low levels by one or a combination of immunosup- 
pressive drugs. 

Three groups independently suggested that the ultimate solution to the prob- 
lem of discordant xenotransplantation might be to genetically engineer a pig that 
does not express aGal epitopes on its vascular endothelium [51, 87, 88]. To pre- 
vent expression of the enzyme ai,3-galactosyltransferase (ai,3GT), the encoding 
gene would need to be deleted, interrupted, or replaced, either within the coding 
region or within the regulatory sequences, so that enzyme is not produced. 

Genes encoding ai,3GT from various species have been identified [89-91], 
including a pig genomic DNA clone [88]. Although techniques to inactivate or 
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“knockout” the expression of the galactosyltransferase gene in pigs have not yet 
been demonstrated, such techniques are established in the mouse and, with the 
current rate of advancement in the field of genetic engineering, it is likely that 
they will prove feasible in swine in the future. However, McKenzie’s group in Aus- 
tralia have reported that knockout of the aGal leads to expression of other oligo- 
saccharides (that are normally cryptic) against which there are also antibodies in 
human serum (LEG. McKenzie, personal communication) and does not result in 
complete protection from the cytotoxicity of human serum. 

Alternative methodologies to produce animals with altered expression of 
ai,3GT have been suggested and have been discussed previously [87]. For exam- 
ple, the DNA encoding for another enzyme (such as a fucosyltransferase or sia- 
lyltransferase) that would modify the sugar structures could be inserted into the 
embryo where it would be incorporated into the chromosomes and expressed to 
modify or mask the immunoreactivity of the aGal structure of the cell surfaces 
(Fig. 4). Progress in this respect is being made by Sandrin et al. [92] (Chap. 50), 
who transfected COS cells simultaneously with cDNA clones encoding ai,2-fuco- 
syltransferase (ai,2FT) and ai,3GT and demonstrated preferential expression of 
the H histo-blood group oligosaccharide (aFuci-2pGali-4pGlcNAc) rather than 
aGal. Furthermore, in a pig kidney cell line that expressed (natural) aGal and 
H (by transfection) epitopes, the increased expression of H resulted in a major 
decrease in expression of aGal. Coexpression of two enzymes (ai,2FT and 
ai,3GT) in both the COS and pig cells resulted in a major decrease in human 
antibody binding and in complement-mediated cell lysis. 

As a knockout pig cannot as yet be bred, and as expression of the H antigen 
does not completely obscure expression of aGal, we suggested a further possible 
approach [77], namely a genetically engineered pig that expresses a cDNA en- 
coding a-galactosidase [93-95] together with a cDNA encoding ai,2-fucosyltrans- 
ferase. Such a combined approach might well result in pigs that are aGal- 
negative. 

Recent developments in gene therapy techniques suggest another possible 
future direction in depleting or masking the aGal epitope that may prove an 
alternative to the genetic engineering techniques discussed above. Techniques 
of introducing a gene directly into the endothelium of an organ, either in vivo 
[96] or ex vivo [97] by organ perfusion of the arterial system (e.g., of the 
heart by the coronary circulation) have recently been described. The selected 
gene could therefore be introduced into the pig organ’s arterial system by the 
use of a balloon catheter either before or immediately after excision. Such 
gene function in the vascular endothelium would be anticipated to persist at 
least for some weeks, which may be sufficient time to allow accommodation to 
develop. 

In summary, numerous studies since 1991 have clearly confirmed the impor- 
tant role of anti-aGal antibodies in the HAR (and possibly in the delayed vascu- 
lar rejection) of pig organs by humans and nonhuman primates. A satisfactory 
method of preventing this antibody- antigen binding might well resolve the 
major problems of discordant xenotransplantation. Approaches to achieve this 
include (a) anti-aGal antibody depletion or inhibition in the recipient and (b) 
modification of oligosaccharide epitope expression in the donor pig. 
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Introduction 

The clinical application of xenotransplantation from swine into humans will 
likely require the use of effective and well-tolerated techniques for antibody 
removal. This assumption is based upon the growing body of scientific evidence 
which implicates xenoreactive antibody binding and activation of the comple- 
ment cascade as central events in the process of hyperacute xenograft rejection 
[i, 2]. Although transgenic approaches are presently being employed to engineer 
porcine organs which are inherently resistant to human antibody-dependent, 
complement-mediated damage (i.e., expression of human regulators of comple- 
ment activation; aGali-3Gal “knockout” swine), it is more than likely that 
removal of pre-existing xenoreactive antibodies will be necessary in the pretrans- 
plant period. In addition, it may be necessary to remove antibodies from the 
xenograft recipient after transplantation on a regular basis until a process of 
graft adaptation or accomodation takes place. 

This chapter will first briefly review a number of strategies for antibody 
removal and/or blockade which have been used in xenotransplantation. Secondly, 
it will present in detail work from our laboratories using adsorptive columns for 
removal of human and baboon anti-pig antibodies. Finally, the utility of immu- 
noadsorption using column technologies for prevention of porcine xenograft 
rejection in humans will be discussed. 



Techniques for Removal of Preformed Natural Antibodies 

As reviewed by Bach et al. [3], a number of methods have been used for the 
removal or neutralization of circulating preformed natural antibodies. These 
include: (a) plasma exchange or plasmapheresis, (b) nonspecific antibody sor- 
bents, such as protein A columns, (c) specific antibody sorbents, such as xeno- 
geneic organs or cell stroma, (d) injectable antigen, (e) nonspecific reducing 
agents, such as penicillamine, which disrupt the activity of IgM, and (f) blockade 
of antibody binding (i.e.. Fab fragment administration). To date, removal of 
xenoreactive antibodies has been achieved in experimental models predomi- 
nantly by either plasmapheresis or organ perfusion. 

Plasmapheresis is a nonselective technique for antibody removal in which 
whole blood is removed from the circulation, followed by the separation and 
return of the erythrocyte fraction to the subject in an appropriate crystalloid 




Removal of Natural Antibodies by Immunoadsorption: Results of Experimental Studies 



361 



or colloid solution. Plasmapheresis has been employed clinically for a number 
of immunologic conditions, including systemic lupus erythematosus, myasthenia 
gravis, and thrombotic thrombocytopenic purpura. This technique has been 
applied to xenotransplantation with some success. Early experience with plas- 
mapheresis for xenotransplantation involving nonprimate species during the 
1960s and 1970s found antibody depletion using this method extended xenograft 
survival (4). In pig-to-primate xenotransplantation, Alexandre et al. used preo- 
perative plasmapheresis and immunosuppression in splenectomized baboons to 
extend porcine renal xenograft survival, with one organ surviving for 22 days 

[5]. 

However, plasmapheresis has several limitations. The effectiveness of plasma- 
pheresis is a function of the starting concentration of antibody component; thus 
the efficiency of the procedure for antibody removal decreases with each succes- 
sive passage of plasma volume. Furthermore, plasmapheresis removes all circulat- 
ing plasma proteins, including clotting factors, and may therefore result in a 
deleterious effect upon the coagulation system. This effect is likely to restrict 
the use of plasmapheresis in the peritransplant period, since bleeding complica- 
tions may result. Replacement of clotting factors with fresh frozen plasma would 
be hazardous, since this blood product contains high levels of xenoreactive anti- 
bodies. Alternatively, it has been suggested that the stress of plasmapheresis 
might lead to the increased synthesis of acute phase reactants, which include coa- 
gulation factors, thus promoting the development of a hypercoaguable state in 
the post-pheresis period [6]. 

Another, more selective, approach to removal of xenoreactive antibodies is 
organ perfusion, where the recipient antibodies are removed through binding 
to an extracorporeal source of target xenoantigens. Antibody depletion by 
organ perfusion can delay hyperacute xenograft rejection [7-9]. In addition, 
the combination of organ perfusion with immunosuppression has extended 
pig-to-nonhuman primate xenograft survival for many days [8, 9]. Cooper et 
al. [7] used organ perfusion to deplete xenoreactive natural antibodies from 
baboons. Reduction in antibody titers to undetectable levels was associated 
with extension of heterotopic porcine cardiac xenograft survival to 60-120 h 
(mean, 52 h). Fischel et al. [9] used organ perfusion to remove xenoreactive anti- 
bodies from rhesus monkeys receiving porcine cardiac xenografts. Organ per- 
fusion was well tolerated, resulted in significant removal of anti-pig antibodies 
and allowed for prolonged survival of cardiac xenografts. Organ perfusion, 
although effective, also has several disadvantages. Organ perfusion with whole 
blood leads to depletion of complement and clotting factors and a loss of intra- 
vascular blood volume. Although some of these effects may be mitigated by 
selective passage of recipient plasma without cellular elements through the target 
organ, organ perfusion would still be cumbersome to perform, requirng sacrifice 
of suitable donor animals. This logistic problem is magnified if one considers the 
potential need for repeated antibody depletions in the post-xenotransplant period. 

An attractive alternative to plasmapheresis and organ perfusion is the appli- 
cation of immunoapheresis using affinity columns to specifically bind and 
remove antibodies. This approach avoids the consequences of wholesale plasma 
protein removal and costly replacement fluids seen with plasmapheresis, and is 
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technically easier than organ perfusion. Columns containing immobilized staphy- 
lococcal proteins A and G have been used successfully for antibody removal in a 
number of autoimmune diseases and for renal transplant recipients with anti- 
HLA antibodies [10-12]. Shapiro et al. [13] have used a staphylococcal protein 
A column for antibody removal in a pig-to-dog renal transplant model. They 
achieved 84 % and 71 % reductions in total canine IgG and IgM, respectively. 
However, only a two- to fourfold reduction in dog anti-pig crossmatch titer 
was observed. Although time to onset of hyperacute rejection was prolonged 
in dogs treated with protein A column adsorption, significant morbidity and 
mortality in the treatment group occurred. Furthermore, clinical application of 
staphylococcal protein A and G columns for antibody removal in humans may 
be limited by the poor binding affinity of these immunosorbents for human 
IgM antibodies, the isotype closely associated with hyperacute xenograft rejec- 
tion [1]. 

Columns using antibody conjugates as immunosorbents represent a novel 
approach for the selective removal of plasma components. Contrary to plasma- 
pheresis or organ perfusion, antibody-based immunoadsorption (immunoapher- 
esis) provides a highly specific depletion technique, using immobilized antibo- 
dies generated against one or several predetermined plasma components [14]. 
In fact, columns containing an immobilized antibody against human low-density 
lipoproteins (LDL-Therasorb) are in successful clinical use [15-17]. In an effort to 
develop an improved method for xenoreactive antibody removal, we have studied 
the utility of extracorporeal columns containing polyclonal antibodies directed 
against human immunoglobulins to selectively bind and remove antibodies 
from human and baboon plasma. These columns have been extensively tested 
using in vitro, ex vivo, and in vivo systems. As discussed below, our results indi- 
cate that columns containing anti-human IgG or IgM are extremely effective for 
removing baboon and human anti-porcine IgG and IgM natural antibodies from 
plasma. Removal of antibody was not associated with a significant reduction in 
coagulation factors. In addition, employment of both columns in vivo resulted in 
significant reductions in anti-pig antibodies in baboons. Furthermore, appli- 
cation of these columns in an ex vivo perfusion model has been shown to prevent 
hyperacute rejection. Finally, the combination of antibody removal pre- and post- 
transplant by immunoapheresis with immunosuppression prevented the hyper- 
acute rejection of pig-to-baboon renal transplants. Reviews of these experimental 
observations have recently been reported [18, 19]. 



Methodology 

Columns 

Removal of antibodies was accomplished with two sterile and pyrogen-free col- 
umns containing polyclonal anti-human antibodies conjugated to cyanogen-bro- 
mide activated Sepharose beads. The first column (Ig-Therasorb column, Baxter 
Corp.) contained polyclonal sheep anti-human IgG (heavy and light chain speci- 
fic) with a total column volume of 300 cc. The second column contained polyclo- 
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nal sheep antihuman IgM (p-chain specific) with a total column volume of 150 cc. 
Columns were kept filled with storage buffer (iX phosphate-buffered saline, 
0.01% sodium azide, pH 7.2) at a temperature of 4°C until use. 



In Vitro Column Testing for Antibody Removal 

Anti-human Ig columns were initially tested with recently outdated fresh frozen 
human plasma (500 cc per experiment) obtained from the University of Minne- 
sota blood bank, or fresh baboon plasma (300-500 cc per experiment) obtained 
from baboon blood collected onto anticoagulant citrated dextrose. Columns 
were flushed with 4I of 0.9N saline to remove their storage buffer prior to the 
application of plasma. Plasma was then run over the column for a total of two 
plasma volumes. Plasma retained in the column was removed by flushing the col- 
umns with one column volume of normal saline. Pre- and post-column plasma 
samples were obtained for measurement of total IgG and IgM, anti-pig IgG 
and IgM, transferrin, fibrinogen, factor 5, factor 8, and complement (CH50). 
The columns were regenerated at the end of each experiment by antibody deso- 
rption using three column volumes of 0.2 M glycine, pH 2.8. Column pH was then 
readjusted by passage of three column volumes of iX phosphate-buffered saline. 
The regenerated columns were then either reused, or filled with one column 
volume of storage buffer and kept at 4°C until further use. 



Ex Vivo Testing of Anti-IgG and Anti-IgM Columns 

Experiments were conducted using an ex vivo cardiac perfusion system that we 
have previously described [19]. Briefly, heart-lung blocks were harvested from 
from 20-25 kg outbred donor swine after topical cold-induced cardiac arrest. 
The heart was then instrumented and perfused with oxygenated blood via a Bio- 
medicus centrifugal blood pump (Medtronic, Eden Prarie MN). For control stu- 
dies, porcine blood was obtained from heart donors prior to organ harvest. 
Fresh human blood was obtained from normal donors. Blood was anticoagulated 
with 1.2 units heparin/ml and used within 3h. All human blood was separated 
into plasma and cellular components by centrifugation (4200 rpm for 6 min). 
Plasma was either unmodified and recombined with cells at the time of priming 
of the perfusion circuit or passed through the Therasorb columns and then 
recombined with cellular components at perfusion circuit priming. An opera- 
tional circuit volume of 600 ml was used in all experiments; perfusion circuits 
were primed and circulated for approximately 15 min prior to initialing cardiac 
reperfusion. During cardiac reperfusion, free water, glucose, insulin, and calcium 
were supplied to maintain stable serum osmolarity, electrolyte concentrations, 
and to provide a source of energy for cardiac metabolism. Functional para- 
meters, including heart rate, EGG R wave voltage, oxygen consumption, and cor- 
onary artery resistance were measured. Blood samples were obtained at defined 
intervals for measurement of antibody,complement, and complete blood cell 
counts. 
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In Vivo Column Testing for Antibody Removal 

Anti-human Ig columns were used to remove antibodies from naive baboons (lo- 
15 kg) as shown in Fig. 1. Baboons were placed under general anesthesia and 
underwent placement of a double-lumen dialysis catheter in the internal jugular 
vein, under standard sterile operating room conditions. On line plasma separa- 
tion with a Baxter Autopheresis C plasmapheresis machine was then instituted. 
Separated plasma was passed into an anti-human Ig column which had been 
flushed with 4I of 0.9N saline. The column effluent was then recombined with 
the separated baboon blood cells and returned to the subject through the central 
venous line. A total of two plasma volumes were passed through the column dur- 
ing each procedure. In several experiments, the column was regenerated between 
the first and second plasma volume. 

Measurement of Antibody. Human and baboon anti-porcine antibodies were measured by a 
previously described endothelial cell-targeted enzyme-linked immunosorbent assay (ELISA) with 
slight modifications [20]. Total IgG and IgM levels were determined by nephelometry using a 
polyclonal fluoresceinated anti-human IgG or IgM antibody. 

Preparation and Staining of Tissue Sections. The immunohistochemical reagents used and 
section preparation for porcine tissues have been described in detail [21]. Briefly frozen sections 
from porcine hearts and kidneys were stained with fluorescein Isothiocyanate (FITC)-conjugated 
goat antibodies specific for human IgG, IgM, Clq, and C3. FITC-conjugated rabbit antibodies 
specific for properdin and fibrinogen were also used. In some experiments, a murine 




Fig.l. Online immunoadsorption used for in vivo studies 
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monoclonal antibody (mAb) specific for human C9 neoantigen was also used. Xenograft biopsies 
were also analyzed by hematoxylin and eosin (H&E) staining. 

Measurement of Complement Activity. Hemolytic C activity of the classical pathway (CH50) 
was determined using a modification of the technique of Kabat and Mayer [22]. In some 
experiments, complement deposition on porcine endothelial cells by column-treated serum was 
studied by C3bi neoantigen determination [23]. 

Measurement of Other Nonimmunoglobulin Serum Proteins. Serum transferrin, 
fibrinogen, factor 5, and factor 8 levels were determined using standard laboratory techniques 
in the clinical laboratory facility at the University of Minnesota. 

Anesthesia. Baboons were sedated with ketamine hydrochloride (10 mg/kg i.m.) for all blood 
draws and injections. Primates undergoing transplantation were sedated with ketamine (as 
above) and thiamylal sodium (0.75-1.0 mg/kg i.v.). An endotracheal tube was inserted, and 
ventilation maintained with a Siemens C 900 ventilator with a closed circuit providing oxygen 
at 41/min, nitrous oxide at 2-31/mln, and halothane at 0.5%-1.5%. Muscle relaxation in 
baboons was achieved with 2 mg succinylcholine chlorlde/kg i.v. During primate surgeries, 
blood gases and acid base balance were maintained within normal limits. Continuous blood 
pressure readings and electrocardiographic monitoring of baboons were done. Pigs used as 
donors for transplant and harvesting aortae were sedated with a combination of ketamine and 
xylazine, then intubated and managed anesthetically in a fashion similar to baboons. 

Transplant Procedure and Post-transplant Monitoring. Animals receiving porcine xeno- 
grafts underwent splenectomy and placement of a 13.5 French double-lumen dialysis catheter 
7 days pretransplant. Subsequently these animals received antibiotics (50 mg cefuroxime/kg i.v. 
twice daily) and nystatin popsicles (1 million units per popsicle twice daily). Four days before 
transplant, the animals began an immunosuppressive protocol based upon one which we have 
previously described [24], receiving a single dose of cyclophosphamide (20 mg/kg i.v.) and 
were begun on daily 15-deoxyspergualin (DSG, 4 mg/kg i.v.). DSG dosage was reduced if a 
decrease in absolute neutrophil count to less than 1500 cells/mm^ occurred. Three days before 
transplant, a dose of horse anti-baboon anti-lymphocyte globulin was adminstered (20 mg/kg 
I.V.). Two days before transplant, subjects underwent plasmapheresis with and Autopheresis C 
device (Baxter Corp.) for two plasma volumes; plasma was replaced 1:1 with 5% human 
albumin. One day before transplant, subjects underwent column absorption with the Ig- 
Therasorb column as described above for two plasma volumes, with a regeneration step 
between each plasma volume. On the day of transplant, baboon subjects again underwent a 
two plasma volume column absorption with the Ig-Therasorb immediately before surgery. 
Porcine kidneys were harvested from 15-25 kg outbred swine using standard techniques and 
flush preservation with Euro-Collins solution. Baboons then underwent laparotomy, bilateral 
nephrectomy, and renal xenotransplantation with a single porcine kidney. Furosemide and 
mannitol were given prior to unclamping of the renal vessels to ensure a brisk diuresis. 

Baboons were begun on a continuous infusion of cyclosporine A (3-4 mg/kg 
per day) to achieve whole blood chromatographic levels of 200-300. Intravenous 
steroids (methylprednisolone) were also instituted with a single bolus dose of 
500 mg, followed by a daily taper to 1 mg/kg per day. Daily monitoring of subject 
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complete blood cell count, serum electrolytes, transferrin, and total IgG and IgM 
was performed. Serum was also collected to measure hemolytic complement 
activity and anti-porcine antibodies as described above. Baboons underwent col- 
umn absorption in the post-transplant period if a rise of total IgG and/or IgM 
antibodies to more than 25 % of pretreatment levels was observed. An open kid- 
ney biopsy was also obtained at these timepoints. 



Results 

Effect of Ig-Therasorb Column on Antibody Levels in Human and Baboon Plasma 

In eight experiments the passage of human plasma through the Ig-Therasorb col- 
umn was associated with a 97.5 % and 78.4 % mean reduction in total IgG and 
IgM, respectively (n= 6 ). Similar results were achieved with baboon plasma 
(97.2% and 81.5% mean reductions of IgG and IgM, n=3). The majority of anti- 
body removal occurred during the first passage of plasma through the column, 
suggesting that the potential absorptive capacity of the column was being 
reached at this time. The pronounced reduction in IgM antibodies by the Ig- 
Therasorb has been shown to be attributable to the anti-light chain specificity 
of the immobilized antibodies (J. Mueller-Derlich, unpublished data). Based 



Fig.2A,B. Effect of immunoad- 
sorption upon levels of A anti- 
pig IgG and B anti-pig IgM 
antibodies in human plasma. 
Each line represents an indi- 
vidual experiment in which 
plasma samples at a 1:2 dilu- 
tion from different time points 
during immunoadsorption 
were tested for reactivity 
against pig endothelial cells by 
enzyme-linked immunosor- 
bent assay (ELISA; see 
“Methodology”). Data dis- 
played following subtraction 
of background absorbance 
(0.12) 





Ptb- 1st pass 

column 
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Fig. 3. Effect of immu- 
noadsorption upon 
levels of anti-pig IgG 
and IgM antibodies in 
baboon plasma. Each 
line represents an indi- 
vidual experiment in 
which plasma samples 
at a 1:2 dilution from 
different time points 
during immunoadsorp- 
tion were tested for 
reactivity against pig 
endothelial cells by 
enzyme-linked immu- 
nosorbent assay (ELISA; 
see “Methodology”). 
Data displayed follow- 
ing subtraction of back- 
ground absorbance (0.13) 




upon starting concentrations of Ig in plasma used for our experiments, the Ig- 
Therasorb column appeared capable of removing approximately 3100 mg IgG 
and 200 mg IgM. 

We also examined the impact of antibody removal with the Ig-Therasorb column 
upon anti-pig antibody levels in human and baboon plasma. As shown in Fig. 2, 
passage of human plasma through this column was associated with marked reduc- 
tions in levels of anti-pig IgG and IgM antibodies. Anti-pig IgG was reduced 54- to 
486-fold, while anti-pig IgM was lowered by nine- to 54-fold. The effect of Ig-Ther- 
asorb absorption upon baboon anti-pig antibody levels is shown in Fig. 3. As for 
human plasma, marked reductions in both antipig IgG and IgM levels is observed. 



Effect of IgM Column on Antibody Levels in Human and Baboon Plasma 

Using the IgM column, a mean reduction in total IgM for both human (83.9 %, 
n= 4 ) and baboon (82.6 %, n=2) plasma occurred, primarily during the the first 
pass through the column. Only a 13 %-i8 % reduction in total IgG was seen. 
These experiments indicated the IgM column possessed a binding capacity of 
approximately 300 mg Ig. The marked reduction in total IgM by this column cor- 
related with a 27%-54% reduction in anti-pig IgM antibodies from human and 
baboon plasma (data not shown); no signficant reduction in human or baboon 
anti-pig IgG levels was observed. 



Effect of Colunn Absorption on Nonimmunoglobulin Serum Proteins 

A potential advantage of immunoapheresis is the specific removal of immuno- 
globulins, with minimal impact upon other important plasma proteins, such 
as clotting factors. The passage of human or baboon plasma through our col- 
umns in this experimental setting was associated with 30 % mean reduction 
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in transferrin levels; this reduction correlated with the reduction in plasma pro- 
teins expected from the amount of saline introduced during the column adsorp- 
tion procedure in order to recover all experimental plasma from the columns. 
Similar reductions in plasma fibrinogen (26%), factor 5 (25%), and factor 8 
(31 %) were observed. However, complement activity in plasma passaged over 
the Ig-Therasorb was reduced by 70 %, indicating that complement protein 
binding and/or activation by the column was taking place. As noted below, little 
or no reduction in CH50 activity was associated with passage over the IgM column. 



Effect of Ig-Therasorb Column on Hyperacute Rejection: Ex Vivo Studies 

Using our ex vivo model, swine hearts perfused with autologous blood (^=5) 
consistently demonstrated stable heart rate and rhythm for greater than 
360 min, at which time point each study was electively terminated. Hearts per- 
fused with unmodified human blood {n=s) underwent cessation of of normal 
cardiac activity at a mean time of 25. 2 ±5. 6 min. The hearts perfused with 
human blood depleted of antibodies with the Ig-Therasorb column (n=5) 
demonstrated a marked prolongation of normal heart rate and rhythm for and 
average of 252±48.imin (p<o.oi vs. unmodified human blood). Column adsorp- 
tion of plasma followed by recombination of plasma and cell fractions in the 
perfusion system produced a 90.5% and 86% reduction in total IgG and IgM, 
respectively. A 47% reduction in anti-pig IgG and a 69.4% reduction in anti- 
pig IgM antibodies was also noted. Total and anti-porcine Ig levels in immu- 
noadsorbed plasma was lower prior to recombination with cellular components 
in the perfusion system, suggesting that unabsorbed plasma was retained in the 
cell fraction. 

Unmodified human blood perfused through porcine hearts showed a signifi- 
cant drop in xenoreactive antibodies , with a 64.6% and 73.3% mean reduction 
in human anti-porcine IgG and IgM, respectively, by the end of the reperfusion 
period. This reduction in circulating levels of anti-pig IgG and IgM was asso- 
ciated with antibody deposition within porcine cardiac xenografts. In contrast, 
column adsorbed blood had stable levels of antibody during the reperfusion period. 

Hearts perfused with non-depleted human blood demonstrated characteristic 
changes of hyperacute rejection, with marked tissue edema, interstitial hemor- 
rhage, microvascular thrombosis, and endothelial detachment. Immunopathol- 
ogy demonstrated marked deposition of IgM, IgG, Ciq, C3, and C4. In contrast, 
sequential endomyocardial biopsies obtained from hearts perfused with Ig- 
Therasorb-adsorbed human blood showed no evidence of hyperacute rejection; 
only minimal deposits of IgG and essentially no IgM, Ciq, C3, or C4 was iden- 
tified. 



Effect of IgM Column on Hyperacute Rejection: Ex Vivo Studies 

In these perfusion system experiments, passage of human plasma over the IgM 
column resulted in approximately 90% reduction in total and swine-specific 
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IgM antibodies. No significant reduction in total or anti-porcine IgG antibodies 
occurred. The reduction in IgM levels was associated with prolonged survival of 
porcine hearts on the perfusion circuit (228.5 ±45.2 min, p<o.oi vs. unmodified 
controls). The passage of human plasma over the IgM column did not signifi- 
cantly reduce CH50 levels. However, we observed a reduction in the complement 
activating capacity of IgM-depleted human blood. It has been demonstrated that 
human IgM xenoreactive antibodies, but not IgG, are capable of activating com- 
plement (i.e., through Csbi generation) when bound to the surface of porcine 
endothelial cells [25]. The reduced IgM levels in our column-adsorbed plasma 
was associated with an approximate 80% decrease in C3bi binding to porcine 
endothelial cells in vitro (Kroshus et al., unpublished observations). 

Histologic analysis of control swine hearts perfused with unmodified human 
blood showed typical widespread features of hyperacute rejection. Diffuse depos- 
its of IgG, IgM, Ciq, C3, C4, and C9 neoantigen were seen. Hearts perfused with 
IgM-reduced human blood showed similar deposition of IgG, but only minimal 
IgM binding. Marked reduction in deposits of Ciq, C3, and C4 was also observed. 
This association between human IgM and complement protein binding therefore 
suggests that IgM, and not IgG, is responsible for vascular deposition of comple- 
ment in the perfused porcine xenografts. 



Effect of Ig-Therasorb and IgM Columns on Circulating Levels of Antibodies 
in Baboons 

We next examined the ability of our anti-human Ig columns to remove Ig from 
baboon plasma in vivo. Our in vitro studies indicated that the adsorptive capa- 
city of our columns was limited, and would be exceeded by the Ig load in the 
plasma volume of our baboon subjects. In order to avoid prolonged anesthetic 
time during repeated column passage and regeneration required to deplete all 
plasma antibodies, we elected to reduce the antibody load of each animal by per- 
forming plasmapheresis the day before column absorption. As shown in Fig. 4, 
column adsorption with the Ig-Therasorb following plasmapheresis achieved 
marked reductions in total IgG and IgM levels; cessation of column adsorption 
was followed by a rapid rise in Ig levels. These reductions in total IgG and 
IgM correlated with similar reductions in antipig IgG and IgM levels (Fig. 5A). 
In vivo antibody removal with the IgM column following plasmapheresis resulted 
in sustained reduction in total IgM, while total IgG was not markedly reduced 
and indeed rose slightly over this period (Fig. 4). A selective reduction in baboon 
antipig IgM levels was also observed (Fig. 5B). 



Impact of Pre- and Post-Transplant Antibody Removal With Ig-Therasorb Column 
Combined with Immunosuppression on Pig-to-Baboon Xenograft Survival 

Based upon the safety and efficacy of column adsorption in naive baboons, we 
postulated that columns used immediately pretransplant would achieve extremely 
low levels of xenoreactive antibodies and prevent hyperacute xenograft rejection. 
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Fig. 4. Effect of immu- 
noadsorption with either 
the Ig-Therasorb (left) or 
IgM columns (right) upon 
total IgG and IgM levels in 
baboons. Data displayed 
are from representative 
experiments involving 
single animals. P, 
plasmapheresis; C, col- 
umn adsorption 
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Furthermore, we posited these lowered levels could be maintained by immuno- 
suppression and repeated immunoapheresis post-transplant. Two baboon subjects 
underwent a protocol of immunosuppression and antibody removal using the Ig- 
Therasorb column prior to bilateral nephrectomy and placement of a porcine 
renal xenograft (see “Methodology”). Marked reductions in total Ig and anti-pig 
antibodies were achieved in both xenograft recipients (Fig. 6). These reductions 
in IgG and IgM levels were associated with prevention of hyperacute xenograft 
rejection. Both baboons exhibited persistent graft function up until the time of 
subject sacrifice after ii and 13 days. The first baboon was euthanized for a pul- 
monary infection, while the second succumbed following an episode of hypoten- 
sion during a kidney biopsy. All post-transplant kidney biopsies did not show 
evidence of vascular xenograft rejection. Glomeruli were undamaged, while vary- 
ing degrees of acute tubular necrosis was observed. No significant cellular infil- 
tration was noted. Immunohistochemical staining of renal xenograft biopsies 
failed to reveal vascular deposits of IgG, IgM, C3, properdin, or fibrinogen 
(Table 1). 



Table 1 . Immunopathologic 
findings in renal biopsies from 
baboons undergoing immu- 
noadsorption, immuno- 
suppression, and pig-to- 
baboon kidney trans- 
plantation 





IgM 


IgG 


C3 


Fibrin 


Pre-transplant 


a 


a 


- 


- 


Post-transplant 
3 h 


_a 


a 


_ 


_ 


Day 2 


- 


- 


- 


- 


Day 5 


a 


a 




1+" 


Day 9 


a 


a 


a 


- 


Days 11/13 


a 


a 


a 


- 



^Denotes trace mesangial deposition. 

^Focal intravascular thrombi in less than 10 % of glomeruli. 



Comment 

Hyperacute rejection of porcine xenografts by humans and nonhuman primates 
is thought to be initiated by the binding of xenoreactive antibodies to antigens 
expressed on the surface of xenogeneic endothelium [1]. Efforts to prevent 
hyperacute rejection of porcine xenografts have therefore concentrated in part 
upon developing techniques for the reduction or removal of xenoreactive anti- 
bodies. 



◄ 7 

Fig. 5A,B. Effect of immunoadsorption with either the A Ig-Therasorb or B IgM column upon anti- 
pig IgG and IgM levels in baboons. Data displayed are from representative experiments involving 
single animals. Measurements performed with serum samples at 1:2 dilutions at the time points 
indicated using porcine endothelial cell enzyme-linked immunosorbent assay (ELISA). Data dis- 
played following subtraction of background absorbance ( 0 . 12 ) 
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Pre-Rx 




Fig. 6. Antipig antibody levels in two baboons undergoing immunoadsorption, immunosuppres- 
sion, and pig-to-baboon renal transplantation. Antibody measurement performed by pig 
endothelial cell enzyme-linked immunosorbent assay (ELISA). Data displayed following subtrac- 
tion of background absorbance (0.12) 

The problem of xenoreactive natural antibodies has been approached using a 
variety of selective and non-selective techniques. Plasmapheresis and organ per- 
fusion represent two of the most commonly used methods for antibody removal 
in xenotransplantation. Although both approaches have demonstrated some 
effectiveness [5, 7-9], they also possess distinct disadvantages. Plasmapheresis 
is hampered by the removal of non-immunoglobulin plasma proteins - such as 
clotting factors - which may make its use dangerous in the peritransplant period. 
Organ perfusion suffers from sequestration and loss of blood volume, as well as 
activation of the complement and coagulation cascades, as the perfused organ is 
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rejected. Organ perfusion is also cumbersome to perform, requiring sacrifice of a 
donor animal to obtain target organs. 

In an effort to develop an improved method for xenoreactive antibody 
removal, we have studied the utility of extracorporeal columns to selectively 
bind and remove antibodies from human and baboon plasma. Contrary to plas- 
mapheresis or organ perfusion, antibody-based immunoadsorption (immunoa- 
pheresis) provides a highly specific depletion technique, using immobilized anti- 
bodies generated against one or several predetermined plasma components [14]. 
In our studies, columns containing polyclonal antibodies directed against human 
immunoglobulins were evaluated. Our results suggest that immunoapheresis with 
columns containing polyclonal anti-human Igs as the immunosorbent are a safe 
and effective means for antibody removal with advantages over other methods of 
antibody depletion. Antibody removal by either anti-human Ig column was not 
associated with any immunoapheresis-related morbidity and mortality in our 
study. These columns exerted minimal effects upon the coagulation system, indi- 
cating they would be safe to use in the perioperative period. Indeed, we observed 
no bleeding complications in our baboons during the short periods of heparini- 
zation required by the column absorption procedures. Column adsorption was 
not associated with loss of intravascular blood volume, and could be performed 
over several hours. Thus, this method of antibody depletion would appear to be 
superior to plasmapheresis or organ absorption. 

Ex vivo perfusion studies were conducted to expand upon our in vitro and in 
vivo studies. Although isolated heart preparations have been used as a basic 
model for the study of cardiac metabolism and function for many years, they 
have been utilized in a more limited fashion for the study of mechanisms of 
hyperacute rejection in different species combinations. Ex vivo preparations 
using other organs such as kidneys and livers have been used to study the 
role of antibody, complement, and cellular blood elements in the process of 
hyperacute rejection, as well as to assess the impact of certain therapeutic inter- 
ventions on xenograft survival [26-28]. Cardiac perfusion models have an advan- 
tage compared to other solid organ perfusion models due to the number of func- 
tional parameters that can be analyzed. Although there are limitations to such 
perfusion models, results obtained may help establish the effectiveness of differ- 
ent interventions, and serve as the foundation for subsequent in vivo studies. 

Although immunoadsorption with either the Ig-Therasorb or IgM column 
resulted in prolongation of porcine xenograft survival ex vivo, these columns dif- 
fer markedly in their effects upon the complement sytem. Perfusion of human 
plasma over the Ig-Therasorb resulted in a significant reduction in complement 
activity; this effect is likely due to the binding of Ci to Fc regions of Igs adsorbed 
to the Sepharose column, with subsequent reduction in total complement hemo- 
lytic activity. In contrast, the IgM column did not cause significant depletion of 
complement activity. This suggests that immunoadsorbed IgM exists in confor- 
mation which hinders the binding of Ciq to the Fc region of antibodies. More- 
over, that selective removal of IgM achieves extension of ex vivo perfused xeno- 
graft survival comparable to that seen with the less selective and complement- 
depleting Ig-Therasorb column underscores the importance of xenoreactive 
IgM in the pig-to-primate species combination. 
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In our studies the Ig-Therasorb column and not the anti-IgM column was used 
for antibody removal in baboons receiving porcine renal xenografts. We felt it 
would be necessary to remove both IgG and IgM antibodies in the peri-trans- 
plant period, since we have observed rising titers of both anti-pig IgG and 
IgM following xenografting in this model [21, 24]. Thus, the question of whether 
selective depletion of IgM anti-pig antibodies prevents hyperacute rejection has 
not been directly addressed in vivo. This issue is important, since anti-pig IgM 
antibodies have been implicated as critical to the initiation of hyperacute por- 
cine xenograft rejection. Based upon our results in the ex vivo perfusion 
model with the IgM column, we are presently instituting in vivo pig to baboon 
transplant studies using selective removal of IgM. 

Antibody depletion by our Ig-Therasorb column was associated with preven- 
tion of hyperacute rejection and extension of xenograft survival in baboons. 
Although it is possible that depletion of complement activity during immunoa- 
phersis may have contributed to these effects, both transplanted baboons exhib- 
ited return of complement activity to more than 90 % of normal levels in the 
post-transplant period (data not shown), while antibody titers remained low. 
Furthermore, experiments conducted in our ex vivo system with the IgM column 
support the notion that antibody removal, and not complement depletion, is 
responsible for extension of xenograft survival. Therefore, the combination of 
immunoadsorption and immunosuppression - and not complement depletion - 
appear to be critical for continuing xenograft survival in this study. These results 
appear to differ from our previous study in which both antibody removal by 
plasmapheresis and complement depletion were required to achieve prolonged 
survival of pig xenografts in baboons [10]. However, comparision of xenoreactive 
antibody levels in transplanted baboons from each study has shown immunoa- 
pheresis to result in a two- to fourfold greater reduction of anti-pig antibodies 
than pre-transplant plasmapheresis alone (J. Leventhal, unpublished observa- 
tions). Thus, intervention with the complement system may not be necessary 
under conditions where extremely low antibody titers exist. 

Removal of antibodies with both anti-human Ig columns did not result in con- 
sumption of clotting factors. These columns could therefore be used to prepare 
antibody-free blood products for use in xenotransplantation. The recent experi- 
ence with pig-to-human liver xenografting indicates that antibody-free blood 
products would be desirable, if not an absolute necessity for the safe clinical 
application of xenografting [29]. 

Ongoing trials in humans have shown the Ig-Therasorb column to be both safe 
and effective for repeated antibody removal in patients with autoimmune dis- 
eases and anti-HLA antibodies [30, 31]. Unlike baboons, these or similar columns 
could be used repeatedly at the bedside in patients to achieve marked antibody 
depletion, thus avoiding the need for adjunctive pretransplant plasmapheresis. 
Moreover, implementation of an automated column regeneration process pre- 
sently in clinical use for the LDL-Therasorb would minimize plasma dilution 
to less than 10%, thus reducing the chance of volume overload [14]. Further- 
more, with the identification of terminal galactose residues in the aGali-3Gal 
linkage as the major porcine endothelial cell epitopes recognized by human 
xenoreactive antibodies, it may be possible to generate highly selective columns 
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with bound carbohydrates, or mimetic compounds with high binding affinity for 
xenoreactive antibodies. We therefore propose that column adsorption represents 
an effective and clinically applicable method for antibody removal in xenotrans- 
plantation. 
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27 Neutralization of the Cytotoxic Effect of Anti-aGal 
Antibodies with Monoclonal Anti-idiotypic Antibodies 
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Introduction 

The use of the pig (or other widely divergent species) as a donor of organs for 
humans is dependent upon the development of a successful method of overcom- 
ing the hyperacute rejection (as well as any subsequent immune response) that is 
mounted in humans against grafted pig organs. The initiating factor in this 
hyperacute rejection is believed to be the presence of preformed antibodies in 
the recipient’s serum [1-4]. Recipient xenoreactive antibodies bind target mole- 
cules on the vascular endothelial cell surface of the xenografted organ and acti- 
vate complement, leading to endothelial cell destruction and resulting in intersti- 
tial hemorrhage and edema. 

Good et al. [5, 6] were the first to demonstrate clearly that the human pre- 
formed anti-pig antibodies that initiate hyperacute vascular rejection are directed 
against carbohydrate structures expressed on the cell surface, particularly those 
that have terminal aGali-3Gal (aGal) residues (Chap. 25). Although these anti- 
bodies may prove not to be the only antibodies binding to pig cells [5, 6], 
their abundance makes them of great importance in the initiation of hyperacute 
rejection. 

Successful transplantation of pig organs into humans will require the develop- 
ment of methods for the removal and/or neutralization of preformed “anti-pig” 
(i.e., anti-aGal) antibodies. There are several possible approaches, many of which 
are described in this volume. This chapter will discuss the potential application 
of anti-idiotypic antibodies (AIAs) specifically directed against idiotypes 
expressed on anti-aGal antibodies. AIAs recognize specific idiotypes that are 
antigenic determinants localized within the variable regions of immunoglobulins 
[7]. Furthermore, AIAs are also directed against the B lymphocyte subpopula- 
tions that bear the same idiotypes on their surface. AIAs could, therefore, neu- 
tralize circulating anti-pig antibodies and inhibit production of these antibodies, 
thus inducing a specific and long-lasting immunosuppression resulting in pro- 
longed survival of the xenograft. 

The aim of our investigations was to produce and characterize murine mono- 
clonal AIAs that specifically bind human anti-aGal antibodies and identify 
those that neutralize the cytotoxic activity of anti-aGal antibodies on pig 
cells [8]. 
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Production of Mouse Monoclonal Anti-idiotypic Antibodies 

In order to produce AIAs, BALB/c mice were injected with purified human anti- 
pig antibodies (eluted from pig hearts after perfusion with human serum) 
biweekly for a period of 6 months. Each animal was bled from the tail vein 
before immunization in order to collect pre-immune sera for use as negative 
controls. Every 4 weeks from the day of the first injection, samples of blood 
were drawn in order to determine anti-idiotypic activity and optimal time 
for fusion. 

The serum samples were analyzed in an enzyme-linked immunosorbent assay 
(ELISA) as follows. Cell culture 96-well plates were seeded with pig kidney 
(PK15) cells, which were grown until confluent, and fixed. Mixtures of human 
serum and immunized mouse sera were prepared, consisting of increasing quan- 
tities of mouse serum and a constant concentration of human serum. These mix- 
tures were incubated on plates followed by washing and incubation with perox- 
idase-labeled antibody to human immunoglobulins. Peroxidase substrate was 
added and the optical density of the developed color was measured. As AIAs 
in the mouse sera inhibited the binding of human anti-pig antibodies to the 
pig cells attached to the plate, the color was diminished proportionally to the 
concentration of AIA. Preimmune mouse sera were used as respective negative 
controls in each case. 

Two out of ten immunized mice that developed the highest anti-idiotypic titer 
were sacrificed and splenectomized. Isolated splenocytes of each mouse were 
separately fused with mouse myeloma cells using the conventional polyethy- 
lene-glycol method [9]. Super nates from macroscopically visible hybridomas 
were screened for the presence of mouse immunoglobulins. Hybridomas produ- 
cing detectable quantities of antibodies were cloned and further tested for bind- 
ing to human anti-aGal IgG as well as to total human IgG. The human anti-aGal 
IgG was isolated by immunoaffinity chromatography of human AB serum over an 
immobilized aGal(i-3)Gal column (Chembiomed, Edmonton, Alberta, Canada) as 
described previously [10]. 

Hybridoma antibodies that reacted at least five times as highly with anti-aGal 
IgG, compared to total IgG, were considered specific for variable regions of the 
anti-aGal IgG and potentially anti-idiotypic. Their specificity for variable regions 
was corroborated by high reactivity with purified anti-aGal Fab2 fragments. Anti- 
bodies that reacted equally with anti-aGal IgG and total IgG were considered spe- 
cific for the constant regions of the IgG molecule and, therefore, non anti-idio- 
typic. The described screening was also carried out with baboon anti-aGal IgG 
and baboon total IgG in order to find AIAs that cross-reacted with human and 
baboon anti-aGal antibodies. 

Twenty-nine out of 312 clones (9 %) produced antibodies that showed at least 
five times higher reactivity in regard to anti-aGal IgG than to total human IgG. 
The same monoclonal antibodies that specifically bound to idiotypes on human 
anti-aGal were also tested against baboon anti-aGal IgG and baboon total IgG. 
These experiments showed that 15 of the 29 monoclonal AIAs cross-reacted 
with human and baboon anti-aGal antibodies. Eleven out of 29 AIAs showed 
relatively high affinity for human anti-aGal IgG and Fab2 fragments based on 
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Tablet. Characteristics of monoclonal anti-idiotypic antibodies directed against human and 
baboon anti-aGal antibodies 



Antibody 

code 


Immuno- 

globulin 

class 


Relative affinity^ for: 




Cytotoxicity^ 


(% dead cells) 


Human 

anti-aGal 

IgG 


Human 

anti-aGal 

Fab2 


Baboon 

anti-aGal 

IgG 


Human serum Baboon serum 


cDg 


IgGa 


1.21^ 


1.11^ 


1.32^ 


58 (±7.6)^ 


2 (±1.5)^’ 


00 

< 


IgM 


2.53 


2.25 


0.25 


7 (±2.5) 


5 (±1.8) 


dC4 


IgGi 


1.36 


1.28 


0.71 


27 (±6.7) 


3 (±1.5) 


dD4 


IgG2A 


0.87 


0.93 


0.68 


15 (±6.0) 


3 (±1.8) 


dE2A2 


IgM 


2.21 


2.08 


0.98 


8 (±7.5) 


12 (±5.5) 


dE2C3 


IgM 


2.43 


2.38 


0.76 


3 (±1.1) 


1 (±0.7) 


dp4 


IgG2B 


1.27 


1.34 


1.23 


6 (±3.5) 


3 (±2.0) 


eB8D3 


IgGi 


2.09 


1.89 


0.81 


45 (±7.2) 


ND 


eCyCi 


IgM 


1.83 


1.97 


0.65 


3 (±1.2) 


4 (±1.9) 


eFiDe 


IgM 


2.12 


1.96 


1.13 


38 (±5.9) 


ND 


gDyA3 


IgM 


2.09 


2.16 


0.64 


2 (±0.6) 


2 (±1.4) 


jB 3 (control) 


IgGi 


NA 


NA 


NA 


100 (±0.3) 


98 (±4.6) 



NA, not applicable; ND, not done. 

® Relative affinity is expressed as the slope of the binding curve. 

^Cytotoxicity of sera is expressed as a percentage of dead PK15 cells (mean of four tests ± 
standard deviation). 



the slopes of binding curves (Table i). Furthermore, four of these high affinity 
antibodies (cDg, dE2A2, dF^, and dFiD6) also reacted with baboon anti-aGal 
IgG with relatively high affinity (Tablet). 



In Vitro Neutralization of Serum Cytotoxic Activity 

In six examined unmodified human AB sera, the average cytotoxic activity 
(expressed as the percentage of killed PK15 cells) was more than 80 %. However, 
after preincubation with ascites fluid containing high affinity AIAs, the cytotoxic 
activity of all human sera decreased significantly (Tablet). Some of the antibo- 
dies (such as gD7A3 and dE2C3) reduced the average cytotoxicity to less than 
5% of the starting serum activity. Others (eBsD3, cD6, dC4, and dFiD6) were 
less effective, reducing the cytotoxicity to 45 %, 58 %, 26 %, and 38 %, respec- 
tively. The protective effect of all examined AIAs was concentration dependent 
and reached the saturation point at a 1:4 dilution of ascites. 

Some combinations of two AIAs were more effective than any of the single 
antibodies (Table 2). For example, mixtures of dAg + dF^, dE2C3 + dF4, or 
gD7A3 + dF4, completely inhibited the cyotoxicity of human serum towards 
PK15 cells. 

The protective activity of single AIAs against the cytotoxicity of baboon sera 
was generally higher (Tablet). In eight cases, the cytotoxicity of baboon serum 
was reduced to less 5 % of the starting activity using quantities of ascites that 
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Table 2. Protective activity of 
two combined anti-idiotypic 
antibodies against the 
cytotoxicity of human serum 
to pig (PK15) cells 



Antibody codes 


Cytotoxicity^ (% dead cells) 


dAg + dE2C3 


1 (±0.8) 


dAg H" dp4 


0 


dE2C3 + dp4 


0 


gDyA3 + dp4 


0 


gDyA3 -H dAg 


2 (±1.1) 


gDyA3 + dE2C3 


2 (±0.8) 


eBgD3 -H dp4 


11 (±4.1) 


dC4 + dp4 


5 (±3.1) 



® Cytotoxicity of sera is expressed as a percentage of dead PK15 
cells (mean of three tests ± SD). 



were ten times lower than those necessary to accomplish similar protection 
against human serum. Again, mixtures of AIAs were more effective than the sin- 
gle antibodies (data not shown). As with human sera, the protective effect of 
AIAs against baboon sera was concentration-dependent and saturable. 



In Vivo Inhibition of Serum Cytotoxicity 

In vitro analyses revealed certain mixtures of AIAs as particularly effective in the 
neutralization of baboon serum cytotoxicity. For example, both dE2C3 + dAg and 
dE2A2 + cD 6 reduced the number of dead cells to 2%. On the basis of these in 
vitro data, a mixture of dE2C3 -h Ag was infused i.v. twice into a female baboon 
(Fig. lA). Serum samples drawn after the first infusion showed a slight decrease 
in cytotoxic activity during the first 8 h. However, a second infusion of AIAs 48 h 
later decreased serum cytotoxicity by 50 % from its initial value. 

In a second experiment, a mixture of the AIAs dE2A2 + cD6 was administered 
in two i.v. injections given within ih to a male baboon (Fig. iB). The inhibitory 
effect of the AIAs was evident immediately, the cytotoxic activity of the serum 
being reduced to less than 20% or the initial level within ih. Cytotoxicity 
rose to 38% 8h after the second injection, at which level it remained for 24 b. 

In a further two in vivo experiments, other combinations of two AIAs were 
injected i.v. into each of two baboons. By ihour postinjection, a drop in cytotoxi- 
city was evident in both cases by 59 % and 90 %, respectively (Fig. iC,D). This 
protective effect continued for 24 hours postinjection. 



Binding of Anti-idiotypic Antibodies to Peripheral Blood 
B Lymphocytes 

B cells express on their surface the same idiotypes as the antibodies they pro- 
duce. Therefore, if one were to attach ricin, or some other toxin, to the AIAs spe- 
cific for anti-aGal antibodies, B-cells producing anti-aGal antibodies could be 
eliminated for several weeks. 
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Fig.1. A Effect of the intravenous injection (arrows) of monoclonal anti-idiotypic antibodies 
(AIAs) on the cytotoxicity of baboon serum. A mixture of dE2C3 and dAs AIAs caused a slight 
decrease (8%) in cytotoxicity during the initial 8h after the first injection. This was followed by 
restoration of cytotoxicity to the preinjection level at the 24- and 48-hour time intervals. How- 
ever, a second injection, given 48 h after the first, had a more pronounced effect, causing a 45% 
decrease in cytotoxicity over the subsequent 48 b. B Effects of the intravenous injection of mono- 
clonal AIAs dE2A2 and cDg on the cytotoxicity of baboon serum. Two bolus injections (arrows) 
were given within 1 h, causing an initial 87 % decrease in cytotoxicity that was largely maintained 
(at approximately 38% of the original level) for at least 24 b. C Effect of treatment with AIAs 
dE2C3 and dAg. After one bolus injection of higher concentration (twice as high as shown in 
A) of these antibodies into a new baboon, the serum cytotoxicity dropped by approximately 
50 % and remained at that level for 24 h. D Effects of AIAs dE2C3 -i- gD7A3 after a single bolus 
injection. The serum cytotoxicity abruptly decreased by 90% within ih and stayed at that 
level for 24 b 



In an attempt to explore the expression and accessibility of anti-aGal idiotypes 
on the surface of human B lymphocytes, peripheral blood lymphocytes were 
stained with each of the above 11 AIAs combined with an antibody specific for 
B cells (anti-CD-20). An example of the flow cytometry analysis (Fig. 2) demon- 
strates the binding of one of the AIAs (cD6) to a subpopulation of B lympho- 
cytes. Only seven of the described 11 AIAs were capable of staining B lympho- 
cytes. The results of flow cytometry analyses of five normal human donors are 
shown in Table 3. The expression of most idiotypes is quite variable and rela- 
tively low (<5 % of B cells), which is in accordance with the variability [11] 
and concentration [12] of anti-aGal antibodies in human sera. 
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Fig. 2. Results of flow cytome- 
try analysis of human per- 
ipheral blood lymphocytes 
fluorescently stained with 
anti-idiotypic antibody cDg 
(FLi) and with antibody to 
CD20 (FL2). Top, lymphocytes 
were gated based on Side/ 
Forward Scatter pattern (Ri) 
in order to eliminate contam- 
inating platelets and mono- 
cytes. Bottom, fluorescence of 
gated lymphocytes. Nonfluor- 
escent cells are shown in the 
lower left quadrant, repre- 
senting 90.16 % of all gated 
lymphocytes. Cells in the 
upper left quadrant are 
stained only with anti-CD20 
and represent 6.87% of the 
gated population, correspond- 
ing to B lymphocytes that do 
not express the cD6 idiotype. 
Cells in the upper right quad- 
rant are stained with both 
anti-CD20 and anti-idiotypic 
antibody cDg, and represent 
1.31% of gated cells. These 
doubly labeled cells belong to 
the subpopulation of B lym- 
phocytes expressing cDg idio- 
type on their surface. Inter- 
estingly, there is a population 
of gated cells that appear to 
express cDg idiotype (lower 
right quadrant, 1.66 %) but are 
not B lymphocytes. These 
might be T lymphocytes 
bearing the cDg idiotype 




0 200 400 600 800 1000 

Forward Scatter 



^ MabOII 896.004 




FLI -Height 



Table 3. Reactivity of anti-idio- 
typic antibodies (AIA) with 
human peripheral B lympho- 
cytes 



Antibody 


Normal human donors (initials/gender) 




KM/f 


KR/m 


NB/f 


TO/m 


BY/f 


MS/f 


cDg 


0^ 


0 


0.76 


16.01 


1.15 


0.99 


dC4 


2.2 


0 


0 


0.46 


0.2 


0.99 


(ID4 


0 


0.65 


0 


2.6 


0 


0.14 


dE2A2 


0 


0.17 


0 


4.16 


1.14 


0 


dE2C3 


0 


0.13 


0 


4.11 


1.27 


0 


dp4 


0 


0.55 


0 


3.65 


0.81 


0.51 




0 


0 


0 


3.67 


3.39 


0 



^Each number represents the percentage of B lymphocytes 
(CD20 positive) bearing the corresponding idiotype. 
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Comment 

Beneficial effects from the presence of naturally occurring AIAs have been 
demonstrated in kidney allograft recipients [13-16]. Survival time of allografts 
has been reported to be significantly longer in some cases when the patient 
had received donor-specific blood transfusions pretransplant. Stimulated by the 
transfused blood cells, the immune system responded by producing antibodies 
against incompatible HLA antigens. After a certain period, these anti-HLA anti- 
bodies elicited the production of specific AIAs capable of binding to idiotypes on 
the anti-HLA immunoglobulins and thus neutralizing their activity in regard to 
humoral rejection of the allograft. In these examples, naturally occurring AIAs 
helped to maintain long-term allograft function. 

By analogy, arteficially generated AIAs directed against anti-aGal immunoglo- 
bulins could play a similar role in xenotransplantation. Indeed, this role would be 
more important than in the case of allografts as humoral mechanisms play a 
much greater role in the rejection of xenografts than of allografts. 

Our data clearly demonstrate the feasibility of such an approach. Many of the 
monoclonal antibodies produced in this study reacted equally with total human 
IgG and anti-aGal IgG, but some showed specificity for anti-aGal IgG. High reac- 
tivity with anti-aGal IgG demonstrated the specificity of 29 monoclonals for epi- 
topes expressed only on anti-aGal molecules. These epitopes were most likely 
localized in the variable regions of anti-aGal immunoglobulins since the monoclo- 
nal antibodies also bound with high affinity to purified anti-aGal Fab2 fragments. 

Some of the monoclonal AIAs strongly cross-reacted with baboon anti-aGal 
antibodies, but showed minimal reactivity with total baboon IgG, suggesting 
that some anti-aGal idiotypes may be shared between humans and non-human 
primates. Consequently, the same AIAs could protect pig organs transplanted 
into either species. This is of considerable practical importance because pig-to- 
baboon engraftment is considered one of the closest experimental models to 
pig-to-human xenotransplantation. 

More than one third of the AIAs were capable of inhibiting the cytotoxic 
activity of human sera in vitro, the average levels of inhibition ranging from 
42 % to more than 95 %. However, none of the AIAs could alone completely pro- 
tect cultured pig kidney cells. Furthermore, considerable variability was observed 
among the levels of inhibition accomplished in different human and baboon sera. 
These two observations indicate that several idiotypes may exist on anti-aGal 
immunoglobulins and the expression thereof may be variable in populations. 

Two different combinations of antibodies (dE2C3 + dF4 and dAg + dF4) com- 
pletely abolished the cytotoxic activity of human sera, which suggests that at 
least three major epitopes (i.e., dE2C3, dAg and dF4) were represented within 
the examined human population. Although none these three AIAs alone could 
completely inhibit the serum cytotoxicity, it took only two of them to achieve 
complete inhibition, suggesting that the three epitopes (idiotopes) belong to 
two separate idiotypes. For example, dE2C3 and dAg could be confined within 
one idiotype, whereas dF4 could be a part of the second. The identification as 
well as distribution of idiotypes of anti-aGal antibodies remain to be further 
explored. 
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Anti-idiotypes of the IgM class were generally more effective when compared 
to those of the IgG class [8]. This could be explained by larger size and higher 
number of binding sites on IgM molecules, both of which would contribute 
towards the more efficient inhibition of binding of anti-aGal antibodies to the 
surface of pig cells. 

The results of the four in vivo experiments in baboons carried out in this 
study suggest that the i.v. administration of AIAs could be effective in protecting 
transplanted pig organs from hyperacute rejection, providing that the appropriate 
AIA combination and dose are selected. The protective effect of the injected AIAs 
was demonstrated by the cell culture method instead of by survival of a xeno- 
graft in a live animal. However, work in our laboratory has demonstrated a 
close correlation between the results using the above in vitro technique with 
those of actual xenograft survival [17, 18]. Further experiments with purified 
AIAs are necessary to determine their optimal combinations and dosage. 

AIAs could be administered into a recipient intravenously or could be a con- 
stituent part of an immuno affinity column to be used extracorporeally; both of 
these methods have been used to overcome ABO incompatibility of transplanted 
organs [19, 20]. Intravenously infused AIAs could specifically neutralize anti-pig 
antibodies without interfering with other non-anti-pig immunoglobulins. Immu- 
noaffinity columns could be used as an extracorporeal device capable of the 
selective removal of anti-pig antibodies. Furthermore, both modalities could be 
applied even more efficiently in the same recipient, with primary extracorporeal 
immunoadsorption (to deplete the subject of anti-aGal antibodies) followed by 
subsequent intravenous infusion (to neutralize any remaining or newly produced 
anti-aGal antibodies). 

Intravenously administered mouse monoclonal AIAs would obviously be 
immunogenic to human recipients, which could result in only a limited period 
of efficacy. The use of “humanized” murine antibodies could greatly, if not com- 
pletely, reduce this immunogenicity [21-23]. 

Anti-idiotypic antibody or antibodies recognizing B-lymphocytes that produce 
anti-aGal antibodies could be coupled with toxins, such as ricin, and used to elim- 
inate these cells [24-26]. It appears, however, that various combinations of AIAs 
would be necessary to accomplish a specific and long-lasting immunosuppression. 

In conclusion, AIAs directed against human anti-aGal antibodies may prove 
valuable in therapy to prevent the antibody-mediated rejection of pig organs in 
humans. 
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Introduction 

A long-standing goal of the transplant community has been to overcome immu- 
nological rejection of transplanted tissues and organs. While much of the 
research has been devoted to identifying new immunosuppressive agents and 
new combinations of existing agents for allotransplantation, immunosuppression 
still carries significant short-term and long-term side effects, especially enhanced 
susceptibility to infection. For xenografts, even stronger immunosuppressive 
regimens are expected to be necessary. One solution to xenograft acceptance 
may reside in novel therapeutic strategies that strive to prevent the need for 
immunosuppression. 

Several years ago, our laboratory attempted to avert transplant rejection by 
immunologically intervening at a new attack point in the rejection cascade. Tis- 
sues and cells were treated before transplantation to conceal or eliminate the 
antigens that summon immune rejection. This technology is sometimes referred 
to as “donor antigen modification” or, more stylistically, “designer tissue and 
organs.” Our intention was to modify the graft at the molecular level in order 
to avoid immunosuppression of the host. Earlier efforts at modifying the graft 
at the cellular level by elimination of donor lymphoid cell populations were suc- 
cessful in mice in the allograft setting, but ineffective for whole organ survival in 
even lower species or in cellular transplants in higher species. Designer tissues 
and organs modified at the molecular level offered greater selectivity and latitude 
in tailoring the graft to escape immune detection. Donor antigen modification 
contrasts with bone marrow chimerism (i.e., a bone marrow transplant and a 
solid organ transplant from the same donor to ensure acceptance of the organ) 
where host immune manipulations are employed. 

Without the risks of systemic immunosuppression, designer tissues and 
organs could be therapeutic for a broad range of chronic conditions that are 
not life-threatening. They also could be offered to conventional organ transplant 
patients at earlier stages of their disease when patients are healthier and better 
able to withstand surgical intervention. The main risk with designer tissues 
and organs is that the modified donor tissue could be rejected, a risk commonly 
encountered with any transplant. Because designer tissue can be potentially ren- 
dered safer and may ultimately avoid host intervention, a broader spectrum of 
diseases could be treated. 

The purpose of this chapter is to describe the research evolution of designer 
tissues and to trace its contribution to a growing body of transplant research. 




388 



D. Faustman 



Research in murine hosts demonstrated the successful transplantation of xeno- 
geneic cells and tissues modified at the molecular level without immunosuppres- 
sion. Transplant success of cells across species by donor antigen modification 
allowed the extension of these concepts to the genetic level. The ability to modify 
antigens either at the DNA, RNA, or protein level offers tremendous latitude in 
the development of new biological therapies. Variations on the designer tissue 
concept are being probed in animal models of diabetes, solid organ failure, 
and neurological diseases. A concept launched in the laboratory in the early 
1990s has already culminated in landmark human clinical trials for Parkinson’s 
disease using donor-modified pig neurons into humans. 

The wide range of applications of designer tissues and organs for alio- and 
xenotransplantation is readily apparent; modified donor cells, tissues, and organs 
can be considered potential therapies for an almost limitless number of condi- 
tions as long as the dominant antigens are identified and then effectively shielded 
or eliminated prior to implantation. 



Origin of the Designer Tissue Concept 

Our idea of targeting donor antigens instead of modification of the host immune 
system was stimulated by research on the molecular events surrounding the killing 
of target cells by cytotoxic T lymphocytes (CTLs, hereinafter referred to as T cells). 
In an elegant study. Spits and coworkers [1] identified the sequential stages of T 
cell destruction of the target cell. In contrast to earlier research, which focused 
primarily on the T cell, they examined the roles of cell surface markers on both 
the T cell and the target cell. By using antibodies against different cell surface mar- 
kers to block distinct stages, they were able to tease apart in vitro the interactions 
between molecules on the T cell and the target cell. They were among the first to 
identify three stages in T cell cytotoxicity: (1) adhesion between T cell and target 
cell, (2) T cell receptor activation, and (3) T cell lysis of the target cell (Fig. 1). 

A critical finding was that one of the major classes of histocompatibility anti- 
gens on the surface of the target cell - the major histocompatibility complex 
(MHC) class I molecules - were involved in both adhesion to, and activation 
of, the T cell. Class I antigens and other classes of antigens encoded by the 
MHC complex serve to distinguish “self” from “non-self” because they differ 
across species and between members of the same species. Class I antigens 
have long been implicated in eliciting T cell cytotoxicity, but this study offered 
more detailed insight into their pivotal role. What this study also demonstrated 
was that antibodies to class I antigens could prevent T cell adhesion and activa- 
tion, thereby interfering with lysis. 

Spits and coworkers crystallized the importance of class I antigens in immune 
rejection of tumors. With this study’s goal centering on enhancing tumor rejec- 
tion, we departed upon the idea of a central role of target class I antigens as 
pivotal in tumor escape, and perhaps similarly pivotal in an opposing role for 
manipulation in transplantation. As a test antigen, we chose to mask class I on 
donor cells with antibody fragments, and then transplant the donor antigen- 
modified cells into non-immunosuppressed hosts. 
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Fig. 1a,b. Adhesion, activation, 
and lysis by cytotoxic T 
lymphocytes (CTLs). MHQ 
major histocompatibility 
complex 




First Demonstration of the Concept 

Using a xenogeneic model, the first successful demonstration of the designer tis- 
sue concept was demonstrated [2]. We found that when we coated the graft with 
antibody fragments to conceal class 1 antigens, the graft eluded the host immune 
system indefinitely and functioned normally. The host developed tolerance to the 
treated graft because secondary transplants of untreated tissue were later 
accepted. The mechanism of donor specific tolerance is still not fully defined, 
but may involve induction of T cell anergy through altered donor class I density. 
Altered class 1 density may be pivotal in T cell shaping in both the periphery as 
well as the thymus [3-5]. 

The graft consisted of purified human cadaveric islets that had been incubated 
with antibody fragments before being implanted into non-immunosuppressed 
mice. We decided to produce very pure antibody fragments because they lacked 
the portion of the antibody molecule that binds complement, the Fc fragment. 
When the Fc fragment is enzymatically cleaved from the F(ab’)2 fragment 
(Fig. 2), the purified F(ab’)2 fragment binds to the graft for several days without 
fixing complement which would have destroyed the graft. Grafts survived for 
200 days and functioned appropriately, as determined by assays for human C 
peptide, a proinsulin processing product. Finally, human liver cells similarly trea- 
ted with antibody fragments also survived for an extended period. 

Treatment with whole antibodies to class I antigens failed to prolong graft sur- 
vival, as did treatment with whole antibodies and antibody fragments to CD29. 
CD29 is an antigen uniquely expressed on the passenger lymphocytes which 
accompany the graft because they cannot be entirely eliminated during the pur- 
ification process. Finally, treatment of the graft with polyclonal antibody frag- 
ments to all antigenic determinants on human islets prolonged graft survival 
until the point when class I antibody fragments were removed from the mixture. 
Graft rejection ensued at a slowed rate, attesting to the critical role of class I 
antigens as pivotal for this transplantation barrier, although recognizing the pos- 
sible importance of other antigens in additional immune responses. 
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Fig. 2. Fab fragment cleaved from Fc fragment. Requirements for a masking antibody 



For the sake of rigor, we selected a xenogeneic instead of an allogenic model 
to test the designer tissue concept. If designer tissues could succeed in the 
demanding case across a species barrier, then they could be considered for sim- 
pler allogeneic models. In other respects, however, our xenogeneic model repre- 
sented the height of simplicity. First, the tissue contained only one dominant 
antigen that needed to be masked. We found that human islet tissue highly 
expressed class I antigens, while displaying only minimal expression of adhesion 
molecules intercellular adhesion molecule (ICAM)-i and lymphocyte function- 
associated antigen (LFA)-3 (which in other tissues are thought to stabilize bind- 
ing and to contribute to T cell activation). Second, the vasculature could be sepa- 
rated from the tissue to avoid hyperacute rejection, the earliest and most formid- 
able barrier to discordant xenograft acceptance. Third, our model targeted 
antigens at the protein level rather than at the genetic level. Our goal was to con- 
ceal protein antigens that already appeared on the surface of graft cells. Other 
approaches, discussed later in this chapter, target antigens not at the protein 
level, but at the DNA and RNA level. The use of more sophisticated transgenic 
and antisense technology, respectively, can similarly prevent antigen expression 
and validated the donor antigens as a target for the immune response. 

In summary, this tough xenogeneic model confirmed the paramount role of 
class I antigens in islet cell rejection. By providing a challenging test of the 
designer tissue concept, it also helped to launch a novel therapeutic strategy. 



Expansion of Research on Designer Tissues 

After our first study was published, our laboratory and others began to probe the 
potential of designer tissues, using a variety of donor antigen modification tech- 
niques as well as masking antigens with protein fragments in varying transplan- 
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Table 1 . Designer donor tissues 








Tissues 


Allo/xeno 


Donor/recipient 


Target 


Reference 


Masking antibody 


Islets 


Xeno 


Human/mouse 


Class I 


[2] 


Islets 


Xeno 


Human/mouse 


All surface antigens 


[2] 


Islets 


Allo/xeno 


Human or 
monkey/monkey 


Class I 


[7] 


Islets 


Alio 


Mouse/mouse 


Class I 


[6] 


Neurons 


Xeno 


Pig/rat 


Class I 


[8] 


Neurons 


Xeno 


Pig/monkey 


Class I 


[9] 


Liver cells 


Xeno 


Human/mouse 


Class I 


[2] 


Gene ablation 


Islets 


Alio 


Mouse/mouse 


Class I 


[11] 


Islets 


Alio 


Mouse/mouse 


Class I 


[12] 


Islets 


Alio 


Mouse/mouse 


Class I 


[6] 


Liver cells 


Allo/xeno 


Mouse/mouse or 
guinea pig or frog 


Class I 


[13] 


Kidneys 


Alio 


Mouse/mouse 


Class I 


[10] 


Gene addition 


White blood cells 


Xeno 


Mouse or pig/human^ 


CD59 


[15] 


Endothelial cells 


Xeno 


Pig/human^ 


CD46, CD55, 
CD46/CD55 hybrid 


[16] 


Endothelial cells 


Xeno 


Pig/hum an^ 


CD46, CD55, CD59 


[17] 


Hearts 


Xeno 


Pig/baboon 


CD55, CD59 


[18] 


Hearts, kidneys, 


Xeno 


Pig/monkey 


CD59 


[19] 


lungs 


COS cells 


Xeno 


Pig/human^ 


H transferase 


[20] 



^Human serum in vitro. 



tation settings. The body of research, summarized in Table i, can be classified 
into four distinct groups based on the technique used to modify the donor tissue. 
The techniques currently employed for donor antigen modification are the fol- 
lowing: (a) antibody masking, (b) gene ablation, (c) gene addition, and (d) 
RNA ablation. 

Antibody Masking 

Antibody masking of xenogeneic tissue is the first of the donor antigen modifi- 
cation techniques to progress to primate and human trials. Pancreatic islet cells 
and neurons are the most common types of donor cells to be camouflaged with 
antibody masking, although any type of tissue can theoretically be treated once 
the dominant antigens have been identified. All of the studies cited below tar- 
geted class I antigens using antibody fragments. 
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Islet cell masking for the treatment of diabetes has been pursued with mixed 
results. Osorio and colleagues [6] targeted class I antigens in a mouse allograft 
model. To approximate a diabetic state, the mice first were treated with a drug 
that chemically induced hyperglycemia. Then they received islet allografts 
which had been pretreated with antibody fragments. Graft survival was pro- 
longed relative to controls, but within i month the grafts were eventually rejected. 
Investigators attributed eventual allograft rejection to a variety of possibilities, 
including the absence of sufficient quantities of F(ab’)2 fragments, anti-idiotypic 
antibodies against the F(ab’)2 fragment, and an immune pathway independent of 
class I activation of T cells. 

Steele and colleagues [7] investigated islet cell transplants in a primate model. 
Cynomolgus monkeys received either allogeneic or xenogeneic (human) islets. 
The grafts were pretreated with antibody fragments to class I antigens. Histologic 
evidence of donor islets were present months after transplantation into non- 
immunosuppressed monkeys. 

Neuronal xenografts with antibody masking have been investigated for Hun- 
tington’s disease [8] and Parkinson’s disease [9]. In the first study, fetal pig striatal 
cells were implanted into rats whose striatum had been lesioned one week earlier 
with injections of quinolinic acid. These injections destroy striatal neurons in an 
attempt to simulate the dysfunction present in Huntington’s disease. Rats received 
either untreated tissue or tissue pretreated with F(ab’)2 fragments against porcine 
class I antigens. Of the control rats receiving untreated tissue, some were immu- 
nosuppressed with cyclosporine (CsA) while others were not. Three to four 
months later, graft survival was found to be prolonged in animals given F(ab’)2- 
treated grafts and in the CsA treated animals given unaltered grafts. Grafts did 
not survive in non-immunosuppressed controls. Graft volume, determined histo- 
logically with the aid of computer image analysis, was significantly larger in the 
CsA group compared with the F(ab’)2 group. Yet in both of these groups, immu- 
nohistochemistry revealed graft cytoarchitecture to be well organized and graft 
axons to have correctly grown in the direction of their target nuclei. It was 
encouraging that pig neurons appeared to be capable of locating their target. 

In a similar study design. Burns and coworkers [9] applied antibody masking 
to a primate model of Parkinson’s disease. Porcine mesencephalic neuroblasts 
were implanted into monkeys with i-methyl-4-phenyl-i,2,3,6-tetrahydropyridine 
(MPTP) -induced Parkinsonism. Measures of locomotor activity and dopamine 
fiber density in the host striatum confirmed that pretreatment of donor tissue 
with F(ab’)2 fragments succeeded at restoring motor function and replenishing 
dopamine fibers at the site of implantation. A control animal, maintained on 
CsA after receiving untreated cells, showed similar improvement. A non-immu- 
nosuppressed control showed no improvement after transplantation, suggesting 
graft rejection. These and other findings from the same laboratory have led to 
the inauguration of a clinical trial for Parkinson’s disease. In this trial, porcine 
neuroblasts are treated with antibody fragments to class I before implantation 
into patient’s striatum (O. Isacson, personal communication). 

The studies described in this section highlight the range of potential applica- 
tions of antibody masking to both alio- and xenotransplants. Islet cell masking 
has encountered unexpected hurdles in the application to type I diabetes, a 
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topic discussed in the next section. However, neuronal cell masking has been suf- 
ficiently effective to usher in human clinical trials. 



Gene Ablation 

Gene ablation, or gene “knockout” technology, offers another vehicle to modify 
donor tissue and organs. With gene ablation, the gene or genes encoding protein 
antigens can be permanently deleted, thereby eliminating antigen expression in 
all cells. In one common method of gene ablation, the target gene is inactivated 
in cultured embryonic stem cells via homologous recombination; a target vector 
containing an inactive version of the gene recombines with, and thereby replaces, 
the wild type gene. Through reintroduction of the embryonic cells into a foster 
mother and through selective breeding, progeny can be produced that are homo- 
zygous for the mutation. Rejection by the host immune system is expected to be 
avoided when the targeted gene encodes a protein antigen slated for expression 
on the surface of donor cells. 

The major advantage of gene ablation over protein modification of donor tis- 
sue is that the antigen is permanently eliminated in all cells, tissues, and organs 
in which it is expressed. The major limitation is that it is only available in mice, 
which are too phylogenetically distant from humans to be considered as suitable 
donors. The permanent nature of the modification also can sometimes be a lim- 
itation, especially when the protein encoded by the gene has additional functions. 
Inactivation of the gene might lead to physiological changes that compromise the 
utility of the donor tissue. Gene ablation can also target genes that encode pro- 
teins essential for the target protein expression. 

Several transplantation laboratories have exploited the availability of knockout 
mice deficient in p2-microglobulin. p2-Microglobulin is a peptide that forms part 
of the class I molecule and is necessary for its assembly and expression. Mice 
homozygous for the P^-microglobulin mutation fail to display class I antigens 
on the cell surface, a feature that makes them highly desirable for transplantation 
studies. While much of the research described below has focused on islet cell and 
liver cell xenotransplants, one project examined whole organ allografts. Coffman 
and coworkers [lo] found that kidneys from p^-microglobulin-deficient mice 
functioned significantly better in allogeneic recipients than did kidneys from 
normal mice. 

The fate of pancreatic islet transplants from P2-microglobulin-deficient mice 
has been explored in several studies. The islets showed prolonged survival 
when implanted into a normal mouse strain [ii, 12]. Most grafts survived indefi- 
nitely and were capable of reversing hyperglycemia that had been chemically 
induced prior to transplantation. Investigators attributed the few instances of 
graft rejection to three possibilities. First, some surface expression of class I anti- 
gens can occur in the absence of p2-microglobulin. The presence of even a frac- 
tion of the total number of class I antigens may be sufficient for T cell recogni- 
tion and lysis. Second, P2-microglobulin circulating in the serum of the recipient 
can be used to reconstitute class I antigens on the donor tissue (since P2-micro- 
globulin is a highly conserved protein not encoded by genes at the MHC locus.) 
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Third, rejection of the tissue from (32-microglobulin-deficient donors may be 
mediated by other immune pathways, such as by natural killer cells. Support 
for the second and third possibilities was presented by Li and Faustman [13] 
in their study of liver cell alio- and xenografts. 

Graft rejection almost invariably occurs, however, when the recipients are 
nonobese diabetic (NOD) mice [11, 14]. Islet allografts from P2-niicroglobulin- 
deficient mice are rejected by NOD mice at a slightly delayed rate but still 
soon after implantation. This is in contrast to the success with recipients 
whose diabetes is chemically induced. NOD mice, unlike those with chemically 
induced diabetes, spontaneously develop an autoimmune form of diabetes that 
destroys the graft because it displays a variety of antigens identical to auto anti- 
gens. In this respect, NOD mice more closely resemble humans with type I dia- 
betes. These findings suggest that elimination of class I antigens alone will not be 
sufficient for the treatment of humans with type I diabetes. One of the many 
directions for future research is to pinpoint the autoantigens on the graft 
which induce autoimmune rejection. 

Elimination of class I antigens also may be insufficient for selected tissues and 
selected combinations of donor and host species. Liver cells from P2-microglobu- 
lin-deficient donors were implanted into allogeneic recipients and two separate 
species of xenogeneic recipients [13]. The allotransplants and the xenotransplants 
into guinea pigs were not that effective, in contrast to xenotransplant effective- 
ness in frog recipients. When liver cells were transplanted from humans to 
mice in antibody masking experiments, they were accepted [2]. These studies 
show the results of class I antigen removal to vary according to the species com- 
bination of donor and host. 

Gene ablation experiments have demonstrated the advantages and limitations 
of eliminating class I antigens. They are clearly a dominant antigen on islet cells 
and neurons in some allogeneic and xenogeneic combinations. However, class I 
antigens may play a secondary role depending on the type of donor tissue, the 
species combination, and/or the disease state of the recipient. In these cases, 
other dominant antigens need to be identified and targeted. 



Gene Addition 

Gene addition is a technique especially promising for transplantation of solid 
organs, the most challenging type of transplant, and represents another form 
of donor antigen modification. What makes solid organs particularly trouble- 
some from the point of view of transplantation is that they are subject to hyper- 
acute rejection. Hyperacute rejection, the first wave of assault against discordant 
xenografts, results in rapid rejection within minutes to hours. The vascular 
endothelium, which cannot be removed prior to transplant, expresses the 
aGali-3Gal (aGal) epitope, the target of hyperacute rejection [15]. Preformed 
antibodies that bind to aGal activate complement, resulting in loss of vascular 
integrity, hemorrhage, ischemia, and necrosis. 

Gene addition involves the insertion of a foreign gene (or transgene) early in 
development. The desired gene is microinjected into the nucleus of a fertilized 
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egg, thereby giving rise to a mature animal with the transgene incorporated into 
the genome of each cell. The desired gene or genes used thus far in xenograft 
research encode proteins designed to inhibit hyperacute rejection. Gene addition 
is advantageous because it can be readily undertaken in many kinds of donor 
animals, particularly swine. Swine are among favored donor animals for solid 
organ transplants because of their ease of breeding, domestication, low mainte- 
nance costs, similarities to humans in organ size and physiology, and fewer ethi- 
cal objections. The other advantages of gene addition, like those for gene abla- 
tion, are permanence and versatility. 

The body of research described below employs gene addition mostly with 
porcine donors. In all but one study, the transgenes encode human comple- 
ment regulatory proteins, cell surface molecules that are species specific and 
act to control the complement cascade. Complement regulatory proteins pro- 
tect host endothelial cells from activated complement. Were it not for comple- 
ment regulatory proteins, autologous cells would be killed by hundreds of 
their own complement molecules which readily diffuse from their targets. 
Investigators are modifying donor organs with human complement inhibitors, 
because the organs are eventually to be transplanted into humans. However, 
before human trials can be undertaken, the efficacy of transgenic organs in 
withstanding complement-mediated cell lysis must be tested in animal models 
and in vitro. 

Most studies have created transgenic cell lines or transgenic animals expres- 
sing human CD46 (membrane cofactor protein), CD55 (decay-accelerating factor, 
DAF), and/or CD59. The first two are complement regulatory proteins that block 
distinct reactions in the early stages of the complement cascade, whereas, CD59 
inhibits the final reaction, the formation of the membrane attack complex which 
lyses cells. 

Fodor and colleagues [16] produced transgenic animals expressing human 
CD59. To enhance expression of the transgene in selected cell types, the trans- 
fected DNA also contained a promoter sequence. Using immunohistochemistry, 
they verified the presence of human CD59 on the surface of endothelial cells 
and a variety of cell types taken from the transgenic animals. Then they har- 
vested peripheral blood mononuclear cells (PMBCs) and exposed them in vitro 
to human sera. PMBCs from transgenic swine were superior to controls in resist- 
ing complement attack. 

Extending this concept to other complement regulatory proteins, Miyagawa 
and coworkers [17, 18] engineered swine endothelial cells to express human 
CD46, CD55, and/or CD59. These studies had the advantage of examining the 
protective effects of complement regulatory proteins in the same cells that trigger 
hyperacute rejection. They also had the advantage of examining the joint expres- 
sion of more than one complement regulatory protein. They found that transfec- 
tion of CD55 and a hybrid CD46/CD55 suppressed complement cytotoxicity by 
50 %-8o %. Both were more effective than transfection with CD46 alone, which 
suppressed activity by 15 %-50 %. In a follow-up study, they compared the effi- 
cacy of CD46, CD55, and CD59. CD59 was the only protein of the three which 
offered minimal protection, in contrast to the findings of Fodor and coworkers, 
who studied the effects of CD59 in a different cell line. 
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These in vitro studies set the stage for whole organ transplants from trans- 
genic pigs into nonhuman primates. Transgenic organs expressing human CD55 
and CD59 [19] and human CD59 alone (T. Kroshus et al., unpublished) were 
implanted into baboons and Old World monkeys, respectively. Hearts, lungs, 
and kidneys survived up to 48 b, a significant improvement over control organs 
which survived for only 60-90 min. Hyperacute rejection still took place, sug- 
gesting that human complement regulatory proteins were capable of providing 
some, but not enough, protection to surmount hyperacute rejection. 

With the realization that complement regulatory proteins may not prove suffi- 
ciently effective in combating hyperacute rejection, Sandrin and coworkers [20] 
have devised another transgenic strategy: to reduce the expression of the epitope 
eliciting hyperacute rejection (aGal) through competitive inhibition. These inves- 
tigators created transgenic cell lines and animals expressing the human enzyme, 
H transferase. Known also as ai,2-fucosyltransferase, this enzyme was selected 
because it shares a common acceptor substrate with ai,3-galactosyltransferase, 
the enzyme that normally generates aGal by placing a terminal galactose moiety 
onto a cell surface glycoprotein. Investigators demonstrated that H transferase 
out-competes ai,3-galactosyltransferase and places a fucosyl residue on the sub- 
strate. Instead of forming aGal, a fucosylated AT-acetyllactosamine is generated. 
This is the universally tolerated human blood group O antigen. Without the 
expression of aGal, porcine cells transfected with H transferase exhibited 
enhanced survival in vitro when incubated with human serum. The major advan- 
tage of this strategy is its prevention of the first stage of hyperacute rejection, 
i.e., the binding of preformed antibodies, which may also cause direct damage 
to the endothelial surface [15]. The binding of preformed antibodies was pre- 
viously believed to be benign as long as complement fixation was avoided. 



RNA Ablation 

RNA ablation is another promising strategy that strives to prevent antigen 
expression at the RNA level by blocking transcription or translation. RNA abla- 
tion can be achieved through the creation of oligodeoxynucleotides that are com- 
plementary to, and hybridize with, DNA or RNA sequences to inhibit transcrip- 
tion or translation, respectively. 

The only studies of RNA ablation in the transplant field to-date are those by 
Ramanathan and coworkers [21, 22]. They identified an oligodeoxynucleotide 
that inhibited induction of class I and ICAM expression by interferon-gamma. 
The studies were performed in vitro in a cell line, K562, that normally has low 
level expression of class I antigens. They first postulated that the oligodeoxynu- 
cleotide acted in the early stages of interferon-y induction rather than post-trans- 
lationally. In their follow-up study, they showed the oligodeoxynucleotide to act 
even earlier via a novel mechanism - it inhibited binding of interferon-y to the 
cell surface [21, 22]. This may be an unusual mechanism for an oligodeoxynu- 
cleotide, but it only enhances the possibilities for xenotransplant research. 
What these studies provide is yet another means of blocking expression of 
class I antigens. 
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Comment 

Designer tissues and organs through donor antigen modification hold tremen- 
dous promise for xenotransplantation. Research in animal models has already 
demonstrated that long-term xenograft survival can be achieved without immu- 
nosuppression. This achievement has galvanized the transplantation community, 
for it shows that an overwhelming obstacle to xenograft acceptance can be alle- 
viated. Immune rejection need not occur if graft antigens can be immunologi- 
cally masked or genetically eliminated. Researchers now have at their disposal 
a battery of techniques which operate at the DNA, RNA, or protein level to 
remove or conceal antigens. Xenotransplantation is within reach, not just for 
patients with life-threatening conditions, but also for patients with chronic 
conditions. As testimony to the widespread applications for chronic conditions, 
the first clinical trial of designer tissues is for patients with Parkinson’s 
disease. 

The successes with cellular and tissue xenografts bode well for the far more 
difficult task of whole organ xenotransplantation. Solid organs have a multiplicity 
of antigens, particularly those which elicit hyperacute rejection. Once all of the 
dominant antigens are identified, the therapeutic strategy for whole organs 
and tissues is conceptually identical - modify the donor, not the host. 
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Introduction 

In 1982, Alexandre and colleagues demonstrated that hyperacute rejection (HAR) 
of ABO-incompatible kidney allografts could be overcome if the recipient’s circu- 
lating preformed natural antibodies were depleted prior to transplantation. 
Although anti-ABO natural antibodies regain normal serum levels in the few 
days following transplantation, HAR usually does not occur [1, 3, 4, 36]. As 
first hypothesized by RH. Bach [8], the acceptance of an ABO-incompatible allo- 
graft could result from modification of endothelial cells (EC) physiological 
response, characteristics leading to “accommodation,” i.e., allowing the survival 
of the transplant in the presence of high levels of circulating IgM natural anti- 
bodies and complement, after a period of depletion. 

These pioneering studies suggested that HAR of immediately vascularized dis- 
cordant xenografts might also be bypassed if the recipient’s circulating xenoreac- 
tive natural antibodies (XNA) could be removed prior to xenotransplantation [6, 7, 
55]. Using similar treatments to those previously shown to inhibit the HAR of 
ABO-incompatible kidney allografts, Alexandre and colleagues obtained a signifi- 
cant prolongation of the survival time of pig-to-baboon kidney xenografts, but these 
xenografts were still rejected after 2-3 weeks following transplantation [2, 30]. 

As is the case with ABO-incompatible allografts, transplantation of immedi- 
ately vascularized xenografts across phylogenetically distant species, such as 
pigs and primates, results in the loss of the xenograft due to a rapid and violent 
humoral immunological phenomenon termed as hyperacute rejection (HAR). The 
pathology of the HAR of pig-to-primate discordant xenografts is similar to that 
observed in ABO-incompatible allografts and is characterized by the rapid and 
irreversible occurrence of interstitial hemorrhage, edema, diffuse intravascular 
platelet and fibrin thrombi, together with marked EC injury [11, 49]. Discordant 
xenografts undergoing HAR show extensive intraluminal vascular depositions of 
recipient’s XNA (of the IgM and, to a lesser extent, the IgG isotypes) along with 
complement Ciq, C4, C3, and C5b-9 (membrane attack complex) proteins [49]. 

Circulating XNA recognize on the surface of porcine EC several glycoproteins 
expressing the oligosaccharide Gal-a(i,3)-Gal-(3(i,4)-GlcNAc-R epitope [27, 31, 56]. 
It is know clear that XNA recognize a restricted number of EC glycoproteins 
(gpii5/i35) which have been demonstrated to be the porcine equivalents of 
human integrins a^/a^y Pi, P3, and von Willebrand factor [51]. 

Together with XNA, complement activation plays a central role on the patho- 
genesis of HAR of discordant xenografts [50]. Therefore, a great deal of effort has 
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recently been aimed towards suppressing complement activation in xenograft 
recipients. Probably one of the most promising approaches consists of using 
transgenic pigs, overexpressing one or several human complement inhibitory 
proteins (CD55, CD46, or CD59) on the surface of EC [22]. The use of CD55 
transgenic pigs seems to be particularly interesting for xenotransplatation in pri- 
mates since, in the absence of further immunosuppressive treatment, these trans- 
genic organs are no longer hyperacutely rejected (White et al., oral communica- 
tion, Third International Meeting of Xenotransplantation, Boston, 1995). 
However, 4-6 days after transplantation cardiac xenografts from CD55 transgenic 
pigs stop functioning, probably due to delayed xenograft rejection, a process 
mediated mainly by recipient elicited XNA as well as by monocyte and NK 
cell infiltration [11]. Since in the pig-to-primate combination complement activa- 
tion is thought to take place primarily through the classical pathway, HAR may 
be overcome using therapeutic protocols resulting in the sustained depletion of 
circulating XNA. 

Following the demonstration that successful ABO-incompatible kidney allo- 
grafting could be achieved after preoperative depletion of circulating natural 
antibodies by plasma exchange and splenectomy, similar protocols have been 
used to deplete circulating XNA (and other factors) and prolong survival time 
of discordant xenografts [2-4, 24, 37, 38, 40, 53, 54,58, 66]. Although splenectomy 
and plasma exchange have proven to be useful in depleting circulating XNA (to 
8o%-85% of pretreatment levels) and prolonging the survival of discordant 
xenografts, rejection always occurs upon the return of circulating XNA (and 
other factors). 

The high efficiency of splenectomy in decreasing the levels of circulating IgM 
XNA (50 %-6o % depletion as compared to pretreatment levels) in adult rats may 
be related to our recent finding that IgM XNA-secreting cells (SC) are exclusively 
located in the spleen where they account for approximately 0.1% of the total 
number of IgM SC [54, 60]. 

The combination of splenectomy and B cell immunosuppressive drugs, such 
as 15-deoxyspergualin (DSC), brequinar sodium, or mycophenolate mofetil 
(RS61443), in protocols involving complement inactivation by cobra venom factor 
(CVF) has been shown to prolong guinea pig-to-rat cardiac xenograft rejection 
from a few minutes to 6-7 days [15, 33, 35, 39]. Similar protocols using CVF, sple- 
nectomy, plasma exchange, cylophosphamide and DSG have also been shown to 
significantly prolong the survival time of porcine-to-primate cardiac xenografts 
from a few hours to 17 days [40]. 

An alternative approach which has been shown to be successful in achieving 
profound depletion of circulating IgM XNA in both humans and nonhuman pri- 
mates consists of the extracorporeal perfusion of the recipient’s blood through 
one or several porcine vascularized organs prior to the xenotransplant [26, 44, 
65]. In addition, the extracorporeal perfusion of recipient serum using immu- 
noabsorbent columns containing the oligosaccharide epitopes recognized by cir- 
culating XNA, such as the Gal-a(i,3)-Gal-P(i,4)-GlcNAc-R epitope, or by anti- 
human IgM and IgG antibodies has also been reported to be useful in depleting 
circulating XNA [17, 41]. However, it should be noted that these ex vivo perfusion 
techniques do not act on XNA production and thus will only deplete circulating 
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XNA for a relative short period of time, which may be inadequate for EC “accom- 
modation” to take place. As recently demonstrated, the continuous intravenous 
infusion of synthetic A or B tissue antigens in baboons leads to the inhibition 
of circulating natural antibodies and to the prolongation of survival of ABO- 
incompatible allografts, which would suggest that the continuous infusion of syn- 
thetic oligosaccharides containing the Gal-a(i,3)-Gal-p(i,4)-GlcNAc-R epitope 
may be able to inhibit circulating XNA in primates and probably suppress the 
HAR of porcine-to-primate discordant xenografts [19, 20]. 

It is our belief, however, that, in order to achieve “accommodation” of discor- 
dant xenografts, total depletion of circulating XNA for a relative long period of 
time may have to be achieved by removing not only the circulating “pool” of 
XNA, but probably more importantly by inhibiting the production of XNA by 
B cells. 

Previous work from our and other laboratories has demonstrated that, in 
rodents, treatment from birth with polyclonal anti-p antibodies (a model 
which mimics the antigen recognition by surface IgM) arrests B cell development 
and migration of newly formed immature B cells from the bone marrow to the 
spleen [12, 13, 18, 45]. Several studies have also demonstrated the crucial role 
of cross-linking and internalization of membrane IgM (mIgM) or IgD (mIgD) 
on the surface of immature B cells in the induction of B cell tolerance [16, 25, 
32]. This inhibition B cell of B cell maturation by signaling through the B cell anti- 
gen receptor (mIgM or mIgD) may result from a lack of appropriate costimulat- 
ing signals through other surface receptors, such as the CD 40 molecule [25, 46, 
64]. The ability of mIgM cross-linking to arrest immature B cell maturation and 
differentiation has led us to propose a new model of B cell suppression based 
on the administration of anti-p monoclonal antibody (mAb) in adult animals. 



Guinea Pig-to-Rat Model 

The role of circulating XNA in the pathogenesis of the HAR of discordant xeno- 
grafts has been difficult to assess, mainly because the methods used to deplete cir- 
culating XNA in vivo are often not totally specific and probably insufficiently per- 
formed [24, 38]. To address this question we have depleted circulating IgM XNA to 
undetectable levels by administrating high doses of an anti-p mAb in adult rats 
(30 mg/kg at day -3 and 15 mg/kg at day -1 before xenotransplantation) and sub- 
sequently analyzed the outcome of guinea pig cardiac discordant xenografts. 

The survival time of guinea pig cardiac xenografts was significantly prolonged 
in IgM-depleted animals (62 min, p<o.oi) as compared to controls treated with 
PBS (18 min survival time) or isotype-matched anti-IgA mAb (12 min survival 
time) [59]. Prolongation of the xenograft survival time in the anti-p-treated 
group correlated with an undetectable serum level of IgM and IgM XNA and 
with the absence of detectable IgM XNA deposits on the rejected xenograft vas- 
cular endothelium. Furthermore, the prolongation of the survival time of guinea 
pig xenografts in anti-p-treated rats was not due to a decrease in complement 
activity since at the time of rejection no significant decrease in Ciq, C4, C3, B 
factor, and C5-dependent complement hemolytic activity was observed between 
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controls and anti-ja-treated animals [59]. At the time of rejection both IgM- 
depleted and control animals showed intense C3 deposition on the rejected xeno- 
graft vascular endothelium and myocardium, clearly indicating that complement 
activation occurs in absence of IgM XNA [59]. Although HAR of guinea pig car- 
diac xenografts was not bypassed by the depletion of circulating IgM XNA, our 
data clearly indicate that IgM XNA are directly implicated in the pathogenesis of 
HAR and that the anti-p approach is a potential therapeutic treatment for discor- 
dant xenografts. 

It is also clear from these experiments that IgM-independent activation of 
complement through the alternative pathway is one of the main mechanisms 
responsible for the pathogenesis of HAR in the guinea pig-to-rat xenograft 
model [58]. 

In order to achieve the long-term depletion of circulating XNA which may 
allow the induction of EC “accommodation” we have developed an approach 
based on the injection into adult animals of repeated high doses (15-30 mg/kg) 
of an anti-p mAb [58]. The first version of this protocol consisted of the injection 
into adult rats of an anti-rat IgM mAb (MARM-7) after splenectomy, plasma 
exchange, and the administration of the anti-B cell immunosuppressive drug, 
RS61443 [58]. This procedure was able to deplete circulating IgM and IgM 
XNA to undetectable levels for a period of 2.5-4 weeks. Depletion time was 
dose-dependent; the higher the dose of injected anti-p, the longer the period 
for which circulating IgM and IgM XNA remained at undetectable levels [58]. 
Moreover, depletion of circulating IgM was correlated with the detection of 
free circulating anti-p mAb (i.e., noncomplexed to circulating IgM). Finally, 
anti-p administration was significantly more efficient in rats that had decreased 
levels of circulating IgM after splenectomy, plasma exchange and administration 
of the RS61443 immunossuppresive drug [58]. These experiments suggested that 
the anti-p approach may allow the depletion of IgM XNA for a sufficiently long 
period of time to test the hypothesis of “accommodation” in other xenograft 
models such as the porcine-to-primate xenograft or even in ABO incompatible 
allografts. 

Administration of an anti-p mAb certainly generates large amounts of anti-p/ 
IgM immune complexes in the circulation which, however, have never been 
detected by immunolocalization in the kidneys or lungs of anti-p-treated rats. 
Interestingly, we recently found that as early as 1-4 h after the first anti-p admin- 
istration (30 mg/kg) both IgM and anti-p mAb colocalize within sinusoidal spaces 
in the liver and, in particular, a strong granular staining was observed in Kupffer 
cells. The processing of these complexes must be extremely rapid since at 24 b 
they were no longer detected in the liver [34]. 

Although in adult rats we have not been able to detect any pathological signs 
related to the formation of these immune complexes, the possibility of decreasing 
the doses of anti-p should certainly be taken into consideration if one is to 
attempt to use this approach clinically. Our data (as well as data from Bach 
and colleagues) demonstrate that the combination of anti-p with anti-B and T 
cell immunosuppressive drugs (such as brequinar sodium, cyclosporine, or rapa- 
mycin) permits a reduction by at least tenfold in the dose of anti-p mAb required 
to achieve complete depletion of circulating IgM XNA in adult rats [11, 58]. 
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In order to explain the sustained effect of the anti-p treatment we have 
hypothesized that the long-term depletion of the serum levels of circulating 
IgM results not only from the direct binding of the anti-p mAb to circulating 
IgM molecules, followed by rapid removal of the resulting complexes by Kupffer 
cells in the liver, but more importantly from the effect of the anti-p mAb on B 
cell maturation and certainly on the differentiation of these B cells into IgM- 
secreting cells (SC) [37]. 

To test this hypothesis we have analyzed in vivo the effect of anti-p adminis- 
tration on B cells and, in particular, on the differentiation of B cells into the stage 
of Ig SC. When administered without further treatment, anti-p induced specific 
and intense cross-linking and internalization of mIgM but not of mIgD, 
CD45RB and MHCII, which were all still expressed at normal levels on the sur- 
face of mature B cells [63]. Furthermore, anti-p administration led to the rapid 
depletion in spleen and bone marrow of immature and short-lived Thy- 
i'^CD45RB‘^ B cells and to the rearrangement of the morphological localization 
of mature and long-lived Thy-i'CD45RB'^ B cells in the periphery. In particular, 
the marginal zone B cell population (CD45RB'°''MHCIl'°'^IgD‘°'^IgM''*8*’* usually 
detected in the spleen was particularly affected [63]. In addition, anti-p mAb 
administration resulted in the specific depletion of the number of IgM SC, but 
not of IgA, IgGi, IgGza, IgGzb SC, in the spleen, which paralleled the depletion 
of circulating IgM but not IgA, IgGi, IgGza, IgGib. In contrast to the other IgG 
subclasses, IgGzc SC, as well as circulating IgGzc, were increased by tenfold in 
anti-p- treated rats as compared to controls. Finally, anti-p- treated rats showed 
a significant inhibition in the generation of primary thymus-dependent as well 
as thymus-independent antibody responses. Taken together these data suggest 
that upon anti-p administration B cell differentiation in adult rats is strongly 
modulated, resulting in the early arrest of B cell differentiation in the bone mar- 
row at the stage of Thy-i“^CD45RB‘^IgM'^, which causes the downregulation of 
IgM production. Furthermore, anti-p mAb administration directly or indirectly 
activates a particular subset of mature B cells which differentiate into IgGzc 
SC in the spleen [63]. 

Contrary to previous reports where the administration of anti-p or anti-5 
mAbs to adult mice generated a strong specific antibody response, in anti-p- trea- 
ted rats antibodies directed against the anti-p mAb remained at undetectable 
levels during the time period of our experiments (i.e., 14 days). This may be 
explained by the fact that the large majority of mature B cells “activated” 
upon mIgM cross-linking by anti-p mAb (mouse IgGi) may not receive the 
necessary rescuing co-signals from the restricted number of anti-mouse IgGi T 
helper cell clones available. Furthermore, our data are in keeping with the recent 
finding that the recognition of soluble thymus-dependent antigens by activated B 
cells undergoing clonal affinity maturation in the germinal centers results in 
massive B cell apoptosis [52, 57]. Given the continuous administration of the 
anti-p mAb to adult rats, one may predict that the few B cells “activated” 
upon cross-linking of mIgM and receiving rescuing T cell help may still be 
deleted in the presence of circulating anti-p. This is certainly an interesting fea- 
ture of the anti-p approach since the sustained administration of this mAb would 
inhibit per se the generation of a specific immune response that would poten- 
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tially result in the formation of immune complexes and the subsequent elimina- 
tion of circulating anti-|i. 

Taken together, the data from these experiments support the idea that, by sup- 
pressing B cell differentiation towards the stage of IgM SC, anti-p administration 
achieves a profound and sustained depletion of circulating IgM as well as IgM- 
XNA in adult animals. Furthermore, this treatment may not result in the genera- 
tion of a “neutralizing” antibody response directed against the anti-p mAb. Given 
the above, we propose that the administration of an anti-p mAb in combination 
with other immunosuppressive agents, including complement inhibitory drugs, 
may provide a potential approach to overcome the HAR of discordant xenografts. 

To determine the mechanism of B cell inhibition resulting from the adminis- 
tration of an anti-p mAb to adult animals is of both theoretical and practical 
importance. If B cell differentiation could be suppressed at an early stage of B 
cell maturation, one would be able to inhibit the overall differentiation of imma- 
ture B cells into the stage of Ig SC, resulting in the depletion of circulating XNA 
of the IgM isotype but also those of the IgG isotype. Because XNA of the IgG 
isotype are probably involved in the pathogenesis of the delayed rejection of dis- 
cordant xenografts, the administration of an anti-p mAb would be a potential 
approach to bypass both the hyperacute and delayed rejection of discordant 
xenografts. 

In anti-p-treated rats, cross-linking of mIgM may arrest B cell differentiation 
either by acting (a) at an early stage of B cell differentiation, probably on imma- 
ture B cells in the bone marrow, inhibiting their maturation into all Ig isotypes 
SC, or (b) at a later stage of B cell differentiation, once mature B cell are already 
committed to produce IgM, and specifically inhibit the maturation of these 
immunocompetent B cells into IgM SC. 

In order to detect at which stage of B cell development an anti-p mAb may 
inhibit B cell differentiation, adult rats expressing the Ig K-ib light chain allotype 
were treated for /days with the anti-p mAb, and bone marrow nucleated cells 
were transferred into nonlethally irradiated congeneic rats expressing the Ig k- 
la light chain allotype. Upon bone marrow transplantation, recipients were 
further treated with anti-p mAb for the following 30 days, and bone marrow-dri- 
ven B cells and Ig SC were analyzed [62]. 

The results from this experiment showed that, in contrast to control animals 
treated with isotype-matched control mAb, there were virtually no mature 
CD45RB^MHCIl"^IgM‘"lgD'' B cells and IgA, IgM and IgG SC driven from the 
maturation of donor bone marrow Ig K-ib^ in the spleen of chimera Ig K-ia/Ig 
K-ib anti-p-treated rats. These data strongly support the early hypothesis that 
the administration of an anti-p mAb to adult rats blocks B cell differentiation 
at an early stage of B cell maturation in the bone marrow (M. Soares et al., sub- 
mitted). 

Moreover, using this experimental protocol we have compared the effect of the 
administration of an anti-p mAb with that of an anti-5 mAb in order to analyze 
in which measure mIgM or mIgD cross-linking on the surface of immature B 
cells may inhibit their development and differentiation. We found that cross-link- 
ing of both mIgM or mIgD suppressed the maturation of rat immature B cells 
early during B cell development in the bone marrow. However, in anti- 5 treated 
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rats a subset of immature B cells in the bone marrow may not express sufficient 
levels of mIgD, and thus “escapes” deletion upon cross-linking of mIgD (M. 
Soares et al., submitted). Furthermore, the results from these experiments sug- 
gest that the B cells that “escape” deletion in anti-5- treated rats belong to a dis- 
tinct B cell lineage that may be responsible for the generation of thymus-inde- 
pendent antibodies, including XNA (M. Soares et al., submitted). Taken 
together, our data support the mechanism of inhibition of B cell differentiation 
illustrated in Fig. i. 




Fig.l. The effect of anti-|i administration on B cell differentiation and IgM production. In adult rats, 
newly formed CD 45 RB'^IgM'^IgD'^Thy-i‘^ B cells are continuously generated in the bone marrow 
and migrate to the spleen, where they account for up to io%-i5% of B cells [21, 63]. Mature B 
cells in the spleen and other secondary lymphoid organs do not express the Thy-i marker [21]. 
At least two major populations of mature B cells have been identified in the spleen of adult rats: 
(1) follicular CD 45 RB^'^^IgM^°'^IgD^'®^ B cells and (2) marginal zone CD 45 RB^°'^IgM- 

highigDiowj^j^Qjjhigh g Contrast to follicular B cells, which are involved in thymus- 

dependent antibody responses (IgM, IgGi, IgG2a, IgG2b), marginal zone B cells are thought to 
generate mainly thymus-independent responses (IgM, IgGzc, IgA) [43]. Interestingly, a signifi- 
cant percentage of B cells in the marginal zone are thought to be memory B cells [23, 42]. A 
single high dose (30 mg/kg) of anti-p results in the rapid depletion of circulating IgM through 
the generation and subsequent clearance of circulating IgM-anti-p immune complexes by Kupffer 
cells in the liver (represented by a thick arrow) [34, 58, 63]. The sustained administration of lower 
doses of anti-p (15 mg/kg) induces intensive cross-linking of mIgM on the surface of B cells, 
resulting in the total arrest of newly formed Thy-i^CD 45 RB‘^IgM^IgD‘^ B cell differentiation in 
the bone marrow (represented by black bars). The arrest of B cell differentiation in the bone 
marrow results in the depletion of IgM and IgG secreting cells (SC), which leads to the depletion 
of circulating IgM and IgG, including XNA of the IgM and IgG isotypes [63] (M. Soares et al., 
submitted). When used without further treatment, anti-p administration also results in the acti- 
vation of a particular subset of mature B cells, probably in the marginal zone of the spleen, 
which differentiates specifically into the secretion of IgGzc (represented by a thick arrow) 
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Pig-to-Primate Xenograft Model 

In order to analyze the effect of splenectomy and/or plasmapheresis on the 
serum level of XNA, Papio anubis baboons were treated with splenectomy 
alone, plasma exchange alone, or both (splenectomy at day o and plasma 
exchanges on days o, i, and 2). Two baboons were included in each group. Cir- 
culating IgM and IgG were measured by enzyme-linked immunosorbent assay 
(ELISA), and IgM and IgG XNA by flow cytometry using pig lymphocytes as tar- 
gets. In contrast to the significant circulating IgM depletion described in rats , in 
baboons no more than 30 %-40 % reduction of the IgM serum levels was 
observed following splenectomy. These data might result from a different distri- 
bution of peripheral mature B cells in primates when compared to rats. Plasma 
exchange resulted in a transient decrease of circulating IgM at day 2 (approxi- 
mately 60% reduction as compared to pre-plasma exchange level), immediately 
followed by a “rebound” to approximately 170 % of pre-plasma exchange level 
by the following week. The combination of splenectomy and plasma exchange 
decreased serum IgM by 75% as compared to the presplenectomized level. As 
described in the rat model [54], the combination of splenectomy with plasma 
exchange totally suppressed the rebound of circulating IgM. However, neither 
splenectomy nor plasma exchange were sufficient to decrease IgM to undetect- 
able levels, as measured by ELISA. Plasma exchange, but not splenectomy, 
allowed a reduction in the IgG serum level, and the combination of splenectomy 
with plasma exchange does not suppress the rebound observed after plasma 
exchange alone. 

Two mAb (LO-BM-1 and LO-BM-2) produced in our laboratory [14] have been 
selected for their specificity and high avidity for baboon IgM. LO-BM-1 is a rat 
IgG2b Ig K-ia light chain mAb which binds to baboon IgM with an avidity of 
iXio”^M. LO-BM-2 is a rat IgG2a Ig K-ia light chain mAb which binds to baboon 
IgM with an avidity of 2.4X10"^ M. These two mAb recognize human IgM but do 
not cross-react with baboon or human IgA, IgD, or IgG isotypes. Interestingly, 
LO-BM-2, but not LO-BM-1, cross-links and internalizes mIgM on cultured splenic 
baboon and human B cells. Given the ability of anti-rat IgM mAb (MARM-4) to 
suppress B-cell maturation following internalization of mIgM in adult rats, we 
have hypothesized that LO-BM-2 mAb might have similar effects on baboon B 
cells. 

We tested the ability of these two mAb to deplete circulating IgM XNA, either 
in association with splenectomy and plasmapheresis or with splenectomy alone. 
One baboon was treated with LO-BM-1 mAb (i.v. injection of 2.5 mg/kg per day 
for 10 days) after splenectomy and plasma exchange. A second baboon was given 
LO-BM-2 mAb (i.v. injection of 10 mg/kg per day for 4 days) after splenectomy 
and plasma exchange, and a third baboon received LO-BM-2 mAb (i.v. injection 
of 18 mg/kg per day for 4 days) after splenectomy alone. No significant decrease 
of IgM or IgG serum concentration was observed following administration of 
LO-BM-1 mAb, the lowest dose of anti-p used. In the second treated baboon, 
IgM and IgM XNA serum levels were very significantly decreased (98 % decrease 
as compared to the pre-splenectomy serum level) following LO-BM-2 mAb 
administration. Serum levels of IgG were reduced (around 70 %) after plasma 
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exchanges, but very high values (up to 500 % of the pre-level) were reached after 
the end of the mAb treatment. IgG XNA were depleted by plasma exchanges 
(80 % of the initial value) but returned progressively to 60 % of the pre-levels 
within iweek. However, over the time of maximal depletion, between day 2 
and day 7, 100 pg/ml circulating IgM were still detectable by ELISA. Finally, in 
the third baboon, IgM and IgM XNA serum levels were very significantly 
depleted (96% decrease as compared to the pre-splenectomy level) following 
splenectomy and LO-BM -2 mAb administration, the highest dose of anti-p 
used. Residual 200 pg/ml of IgM serum concentration was still detectable by 
ELISA after this last injection of anti-p. IgG serum levels did not change signifi- 
cantly. 

Although in this study formation of IgM/anti-p complexes is believed to be the 
main mechanism accounting for depletion of circulating IgM, immunohistologi- 
cal analyses of kidney from the anti-p-treated baboons did not reveal pathologi- 
cal features of immune complex deposition. All baboons treated with high doses 
of anti-p developed anti-rat antibodies between day 13 and day 20. In these 
experiments the doses of’ anti-p administered were probably not sufficient to 
act at the B cell level, as observed in rats. However, if the anti-p mAb is admi- 
nistered at a dose sufficient to act on B cell maturation, then this approach might 
be able to block the humoral immune response against the mAb. We believe that 
the use of approximately 18-20 mg/kg per day doses of LO-BM -2 anti-p mAb, fol- 
lowing splenectomy and plasma exchange, should be able to act on IgM'^ B cells 
and totally deplete circulating IgM XNA for a longer period of time. The use of 
immunosuppressive drugs, such as DSG or leflunomide, in combination with this 
protocol might be able to still further reduce the doses of anti-p required to 
cause a long-term depletion of circulating IgM XNA. Such protocols have been 
started and the experiments are in progress. 
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Introduction 

Among non-primate mammals, the pig may be an ideal donor for human trans- 
plantation [i]. Unfortunately, xenotransplantation of pig organs into untreated 
humans will probably result in immediate xenogeneic hyperacute rejection 
(HAR) involving human anti-pig natural antibodies and complement [2]. Such 
rejection, occurring between disparate species, cannot be controlled with cur- 
rently used immunosuppressive agents. 

In 1992, our group began a series of experiments to test the possibility of 
using intravenous immunoglobulin to prevent HAR. In this short chapter we 
review our own work [3, 4] and that of others [5-7] concerning this topic. 



Intravenous Immunoglobulin 

Intravenous immunoglobulin G (IVIG) is from human origin, prepared from a 
plasma pool of more than one thousand donors. IVIG is used for the treatment 
of primary or secondary immunodeficiencies, chronic inflammatory diseases, 
bacterial and viral infections, and several autoimmune disorders [8-12]. Ameli- 
oration of acute graft-versus-host-disease in bone marrow transplantation [13] 
and HLA alloantibody suppression in heart and renal transplantation have also 
been observed after IVIG administration [14, 15]. 

The intravenous infusion of large amounts of immunoglobulin G (400- 
2000 mg/kg body weight over 2-5 days) can modify immunological reactions. 
Several mechanisms of the beneficial effect of IVIG in immune-related disor- 
ders are possible [10, 16]: (a) IVIG acts as an anti-inflammatory agent [17], 
(B) it induces Fey receptor blockade on reticuloendothelial cells [18], or (c) 
it contains public anti-idiotypes that downregulate autoimmune phenomena 
[19, 20]. 

Experimentation showed that supraphysiological levels of IVIG were efficient 
in attenuating or preventing the develoment of acute complement-mediated tissue 
damage in a guinea pig model. The infusion of anti-Forssman antibody in guinea 
pigs leads to the occurence of irreversible shock and death. The previous admin- 
istration of high doses of IVIG increased survival time and prevented death of 
guinea pigs injected with anti-Forssman antiserum [21]. It thus appears that 
IVIG may act as a complement activation modulator, probably by preventing 
active C3 fragments from binding to target cells. Several studies have demon- 
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strated that Csb might be covalently linked to IgG [22, 23]. Thus high amounts of 
IgG might divert Csb from target cells and suppress complement-mediated 
damage. 

When we initiated this work, we began with the hypothesis that IVIG might 
prevent the complement-dependent tissue damage observed in HAR. 



Use of Intravenous Immunoglobulin G in the Prevention of Guinea Pig-to-Rat 
Cardiac Xenograft Rejection 

This study [4] was carried out to investigate the delaying action of IVIG admin- 
istration on the HAR of a guinea pig heart grafted into a rat. 

Male outbred guinea pigs were used as heart donors and male inbred Lewis 
rats as recipients. Rats were heparinized, then slowly infused through the portal 
vein with a single dose of IVIG at a concentration of 1500 mg/kg or with an 
equivalent volume of 9 g /1 NaCl. Guinea pig-to-rat heterotopic cardiac xenotrans- 
plantation was performed, and rejection defined as the cessation of visible car- 
diac contractions. Heart graft survival time was calculated from the time of 
graft reperfusion. 

The mean guinea pig cardiac survival time in rats treated with IVIG prior to 
xenoengraftment was significantly longer (167.8 ±29.8 min, pKo.oos) than the 
mean survival time measured in rats treated with NaCl (i2.4±i.2min). Macrosco- 
pically, congestion of the graft with cyanosis was observed in all cases (with or 
without IVIG) and was rapidly followed by cessation of beating. No such event 
occurred to the native heart of the recipient. Our results are consistent with 
those of another group [5] who demonstrated prolongation of the heart survival 
up to 97 mm following IVIG treatment. 

In the guinea pig-to-rat combination, complement activation is critical for 
hyperacute rejection which can proceed without the involvement of rat xenoreac- 
tive natural antibodies directed against the guinea pig heart [24]. An increase of 
guinea pig heart survival (to 25 min) in rats depleted of xenoreactive antibodies 
by previous plasma exchange has been reported [24], whereas the survival time 
can be prolonged up to 112 [25], or 189 mm [26] when rats are complement- 
depleted by soluble complement receptor, and to 88 h when they are comple- 
ment-depleted by cobra venom factor [24]. Our own results, therefore, suggest 
that, in this model, IVIG probably interferes with the alternative pathway of com- 
plement activation, and possibly also with the classical pathway. 

In our guinea pig-to-rat model, high doses of IVIG (1500 mg/kg) were infused 
into the rat prior to engraftment. A similar dose was used in the study that 
demonstrated IVIG-related prevention of lethal Forssman shock in guinea pigs 
injected with anti-Forssman antiserum [21]. Several studies have shown that 
C3b generated during complement activation by the alternative [22] and the clas- 
sical pathway [23] binds readily to IgG. In our model, high-dose IVIG may thus 
act as a complement modulator by diverting the attachment of the activated C3 to 
the endothelial target cells on the grafted heart. 

We have also found that human serum and IVIG are able to agglutinate rat red 
blood cells, suggesting the existence of human anti-rat natural xenoantibodies. 
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The xenoantibodies contained in IVIG may induce activation of the complement 
system of the rat; the subsequent depletion of rat complement contributes to the 
beneficial effect of IVIG in the guinea pig-to-rat xenograft model. 



Use of Intravenous Immunoglobulin G in the Pig-to-Human Combination 

Inhibitory effect on Complement-Dependent Cytotoxicity Assays 

Cytotoxicity of human sera, with or without addition of IVIG, have been assessed 
in vitro by complement-dependent cytotoxicity assays using three different pig 
target cells: endothelial cells (EC), lymphocytes, and red blood cells (RBC) [3, 4]. 

The level of human natural anti-pig antibodies varies widely from one serum 
to another. Some sera (especially of blood group A or 0 ) may contain up to 500 
times more anti-pig xenoantibodies than others (especially of blood group AB) 
[27]. To assess in vitro the inhibitory effect of IVIG on the lysis of pig cells, 
we have thus used human sera diluted to the last dilution giving 100 % cells 
lysis in the presence of rabbit complement. Cytotoxic activity of human serum 
to pig EC was determined by a colorimetric MTT assay and the results were 
expressed in percentage of cytotoxicity (cell death,%C). The addition of IVIG 
to human serum inhibited in a dose-dependent manner the cytotoxicity to pig 
EC. The%C decreased from 34 % without IVIG to 14 % with 12.5 g /1 IVIG 
(p=o.03). 

The cytotoxic activity of human serum to pig lymphocytes in the presence of 
rabbit complement was determined using a modified standard protocol of the 
complement-mediated cytotoxicity test in Terasaki plates. Cell death was visua- 
lized by a trypan blue coloration. Results were expressed in cytotoxicity score 
by a microscopic evaluation of the percentage of cells lysed. When 16 g /1 IVIG 
was added to human serum, an inhibitory effect of 100% was observed. 

The most precise inhibition curves were obtained by using pig RBC as targets. 
Hemolysis assays performed on microtitration plates were easy to standardize 
and allowed simultaneous comparisons between numerous assays. Assays were 
performed by adding diluted decomplemented human serum to a suspension 
of pig RBC in the presence of rabbit complement. Hemolysis was measured in 
supernatants by optical density determination of free hemoglobin, and percent 
hemolysis was calculated. Incubation lasted 150 mm at 37 °C. When increasing 
concentrations of IVIG (0.5-20 g /1 final concentration) were added, a dose-depen- 
dent inhibitory effect of IVIG on pig RBC lysis by human serum was observed. 
The inhibitory effect was 80 % with 10 g /1 IVIG and 90 % with 20 g /1 IVIG. 

In a recent study, Magee et al. [6, 7] found that the addition of human IgG to 
human serum inhibited in a dose-dependent manner (a) the deposition of iC3b, 
(b) cytotoxicity, and (c) the release of heparan sulfate from the pig cellular tar- 
gets mediated by that serum. 

IVIG exerts a dose-dependent inhibitory effect on the complement-dependent 
lysis of pig cells induced by human serum. Though the mechanism of the in vitro 
action of IVIG remains to be determined, several hypotheses can be put forward: 
(a) inhibition of complement activation, (b) neutralization of the xenoantibodies 
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directed to pig antigens via the antiidiotypic antibodies which may be present in 
IVIG, and (c) IVIG may contain IgG anti-pig xenoantibodies that may mask the 
recognition of pig xenoantigens by IgM anti-pig xenoantibodies. 

Intravenous Immunoglobulin G Contains Anti-pig Xenoantibodies 

IVIG is a product of human origin and may thus contain human anti-pig natural 
xenoantibodies of IgG isotype. Numerous data strongly suggest that in the pig- 
to-human combination IgM, and not IgG, xenoantibodies are primarily involved 
in initiating HAR [2, 28]. However, IgG xenoantibodies may also contribute to 
porcine xenograft rejection, as suggested by reports showing that human IgG 
are cytotoxic to cultured pig cells [29] and mediate antibody-dependent cell cyto- 
toxicity [30, 31]. We have revealed the presence of anti-pig xenoantibodies in 
IVIG by using pig RBC [32]. Although the in vivo target of HAR is pig EC, several 
previous reports have shown that human xenoantibodies recognize cross-reactive 
epitopes on pig EC and pig RBC [33, 34]. 

Hemagglutination of pig RBC by IVIG was performed by using microtyping 
cards (Diamed). IVIG contained hemagglutinating anti-pig xenoantibodies. A 
30 % direct hemolysing activity of IVIG on pig RBC was also found when the 
incubation lasted overnight. On the contrary, after depletion of anti-pig xenoan- 
tibodies from IVIG by incubation of IVIG with washed pig RBC, IVIG no longer 
agglutinated or hemolysed pig RBC. After incubation of IVIG with pig RBC, anti- 
pig xenoantibodies were eluted from pig RBC by thermal extraction, then 
detected by hemagglutination. These results are consistent with others showing 
that IVIG contain IgG antibodies that bind to pig EC [6]. However, in this last 
study, IVIG did not initiate the activation of complement [6]. 

The anti-pig xenoantibodies contained in IVIG may impair its inhibitory effect 
on pig cell cytotoxicity induced by human serum. In fact, when IVIG were 
depleted of anti-pig xenoantibodies, its in vitro inhibitory effect on pig RBC 
lysis was markedly enhanced. 

Pig Livers Perfused with Human Blood 

The objective of the experiments reported here was to evaluate the inhibitory 
effect of IVIG on the xenogeneic hyperacute rejection occurring on pig livers per- 
fused with human blood [3]. 

Pig livers were surgically excised and connected to a closed oxygenated and 
heated recirculating system. Perfusions were performed through the portal vein 
and the hepatic artery. The perfusate was heparinized and composed of Krebs 
buffer, prewashed human RBC, and compatible extemporaneously defrozen 
fresh frozen plasma as a source of human anti-pig xenoantibodies and com- 
plement. Control experiments were performed with homologous whole pig 
blood. 

Sequential biopsies of the pig liver were performed to assess the time-related 
occurence of histological lesions as well as the deposition of immunoglobulins 
(IgG, IgM) and complement factors (Ciq, C3). Liver viability was evaluated by 
measurement of bile production and release of liver enzymes (ALT, AST). 
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Three experimental groups were studied: pig livers perfused with human 
blood (Gi), pig livers perfused with human blood and IVIG (G2), and pig livers 
perfused with pig blood (G3). Perfusion lasted at least 4b. 

Histological lesions observed were sinusoidal dilatation and congestion, 
endothelial disruption of the sinusoidal border with intralobular hemorrhage 
(peliosis), hepatocytal atrophy and necrosis, and portal hemorrhage. Sinusoidal 
dilatation and congestion were constantly observed in Gi and G2 from the first 
30 min. Other histological lesions were heterogeneous, involving some lobules 
or part of a lobule, and varying from one lobe to another. In an attempt to deter- 
mine the time-related appearance of the lesions, we considered only obvious 
lesions involving more than 5 %-io % of the tissue. 

Sinusoidal dilatation and congestion were scarcely observed in G3. In Gi, most 
of the histological lesions appeared during the first hour of perfusion, then 
increased and were almost constant at 4 b perfusion. In contrast, no lesion was 
observed in G3 at 4 b perfusion, though lobular hemorrhages appeared after 
5h. In G2, hepatocytal atrophy and necrosis and portal hemorrhage were never 
observed, but peliosis appeared at ih in two experiments. We consider lobular 
hemorrhage to be an early parameter of rejection in this ex vivo model [35]. 
The delay before occurence of lobular hemorrhage was significantly longer in 
the group with IVIG (G2) than in the group without (Gi) (262 min vs. 48 mm). 

Sequential deposition of IgG, IgM, Ciq, and C3, were investigated in two 
experiments in each group. No deposition of any components was observed in 
G3. In Gi, 10 min after the beginning of the perfusion, intense and linear IgG 
deposits were observed along the sinusoidal border. Deposits of IgM were focal 
and positive along the sinusoidal border or the portal vein at various time 
(5 mm in the first experiment and 100 min in the second). In both experiments, 
Ciq and C3 were found positive as faint focal deposits between 5 min and 30 min 
of perfusion, then became intense after 30-60 min perfusion. 

In G2, IgG deposits were intensely positive and linear 5 min after the introduc- 
tion of human blood and IVIG into the circuit. IgM was faint and focal along the 
sinusoidal border at 30 min perfusion. Focal deposits of Ciq and C3 became posi- 
tive between 1 h and 3 h of perfusion. After 3 h of perfusion, liver enzyme release 
was lower in G2 than in Gi. The volume of bile secreted was not different 
between the groups. 

In this model, the effect of IVIG on HAR may be summarized as a delaying 
effect on complement activation, on the occurence of histological lesions usually 
described in pig livers perfused with human blood [35-37], and on liver enzyme 
release. 



Use of Intravenous Immunoglobulin G in the Prevention of Pig-to-Primate 
Cardiac Xenograft Rejection 

Magee et al. [6, 7] described successful prevention of HAR in pig-to-cynomolgus 
monkey and the pig-to-baboon combinations by using IVIG. Heterotopic porcine 
cardiac xenografts were placed in primates that were treated with IVIG. In four 
of six experiments, HAR of the pig heart was prevented and the xenografts func- 
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tioned i8h, 7.5, 7.5, and 10 days, respectively. Immunohistological analysis of the 
functioning xenografts revealed deposits of IgG and IgM along blood vessels, but 
little or no C4, C3, Csb, or membrane attack complex (MAC) deposits. The mechan- 
ism by which IgG protects against complement-mediated injury in this model 
appears to involve complement deposition rather than inhibition of IgM binding. 



Comment 

In this chapter, we have briefly summarized the experiments performed by us 
and others to assess the inhibitory effect of IVIG on the HAR that occurs between 
disparate species. In vitro experiments demonstrated that IVIG inhibits in a 
dose-dependent manner the cytotoxicity and activation of pig cells in the pres- 
ence of human serum. By using an ex vivo model of pig liver perfused with 
human blood, we have shown a delaying effect of IVIG on both complement acti- 
vation and the development of the histological lesions usually found in HAR. 
Xenotransplantation experiments performed in vivo in the guinea pig-to-rat 
and the pig-to-primate combinations showed that a delay in (and even prevention 
of) HAR can be obtained after infusion of IVIG into the recipient. Though its 
mechanism of action remains to be clarified, these results suggest that IVIG 
may interefere with HAR by complement modulation. Among the multiple stra- 
tegies being explored with the aim of preventing xenograft rejection between 
widely disparate species, immunoglobulin infusion may represent a simple ther- 
apeutic approach. This product is already widely used in humans in a variety of 
diseases. 
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Introduction 

The complement system is regulated by a series of glycoproteins circulating in 
the plasma and expressed on cell surfaces. Among the plasma proteins which 
do so are factor H and I which control initiation of the alternative complement 
pathway C3 convertase, Ci inhibitor which regulates the function of Ciqrs and C4 
binding protein which controls activation of the classical complement pathway C3 
convertase. Immunoglobulin is generally thought to be an activator of the com- 
plement system, particularly of the classical complement pathway. However, it 
was recently discovered that immunoglobulin also regulates the activation of 
the complement system [1] and that this function of immunoglobulin may be 
used advantageously in xenotransplantation [2]. 

The involvement of antibody in the activation of the complement system has 
been known for over a century. After incubation of a target with an heat inac- 
tivated immune serum, cytotoxicity is shown to be initiated in part by binding 
of heat-stable and heat-labile components of the serum to the target. The heat 
stable molecules are, of course, immunoglobulins; the heat-labile molecules are 
in general components of the complement system. Antibody may also activate 
complement through the alternative pathway on some cell surfaces. It is 
believed that by attaching to and blocking acidic sugars such as sialic acid 
or heparan sulfate, antibody impairs the interaction between C3b and factor 
H and I. Antibody also augments the alternative pathway by serving as an 
acceptor to which C3b attaches and having done so is partially protected 
from factors H and I [3]. 

We have developed the concept that immunoglobulin also controls the activa- 
tion of complement by acting as an alternative acceptor for reactive complement 
proteins. This concept was based on the observation that high plasma levels of 
IgG prevent complement deposition on antibody coated target cells [1] suggesting 
that the immunoglobulin might serve as a regulator of the complement cascade 
and modulate the effect of complement activators in the formation of C3 conver- 
tases. The concept was first tested in the guinea pig. Administration of IgG anti- 
Forssman antibodies to unmanipulated guinea pigs leads invariably to cataclys- 
mic shock and death. However, guinea pigs treated with purified immunoglobu- 
lin are protected from the Forssman reaction in nearly 50 % of cases. Guinea pig 
IgG was as effective as human IgG in preventing tissue injury. 
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Fig.1. Mechanisms of humoral regulation by y-globulin. Among the mechanisms underlying the 
therapeutic efficacy of y-globulin, four are shown, y-globulin may block Fc receptors (FcR) and 
thus impair the ability of pathogenic antibodies, attached to target cells, to interact with leuko- 
cytes or reticuloendothelial cells bearing Fc receptors. y-Globulin may also bind to antigens 
blocking interaction of those antigens with pathogenic antibodies or antigen specific receptors. 
It may inhibit some immune responses through anti-idiotype-idiotype interactions. It may form 
covalent complexes with Csb or C4b, diverting these components away from target cell surfaces. 
It is through the diversion of active complement components away from xenograft endothelium 
that y-globulin is thought to prevent complement-mediated tissue injury in pig-to-primate 
models 



Mechanisms of Action of y-Globulin 

y-Globulin might interfere with humoral immune reactions at one or more of a 
number of steps (Fig. i). y-Globulin might influence the binding of a specific 
antibody to a target antigen. One mechanism may involve idiotype-anti idiotype 
interaction, a mechanism proposed to account for the ability of y-globulin to 
decrease levels of circulating anti-HLA and anti-platelet antibodies [4-6]. y-Glo- 
bulin preparations might contain soluble contaminants which could block anti- 
body binding. y-Globulin might block Fc receptors, impairing interaction of pha- 
gocytic or cytolytic cells with target cells. 

y-Globulin might also control the binding of activated complement proteins to 
target antigens and such control is the best explanation for the effects of y-glo- 
bulin in the Forssman reaction. One mechanism for such control might involve 
the consumption of complement proteins through the action of immune aggre- 
gates. This mechanism does not appear to contribute to the protection of guinea 
pigs from the Forssman reaction as complement levels remain unchanged follow- 
ing administration of y-globulin to unmanipulated guinea pigs. Nor does y-glob- 
ulin prevent the action of anti-Forssman antibodies in this model. Because the 
blood of the treated animals with high levels of IgG was defective in depositing 
complement on target cells, it was hypothesized that the high IgG levels pre- 
vented complement binding to endothelium. 



Effects of y-Globulin in a Porcine-to-Primate Xenograft Model 

We reasoned that analysis of the effects of y-globulin on the reactions involved in 
the rejection of porcine organ xenografts by primates might yield insights into 
the mechanism or mechanisms of action of y-globulin. Human y-globulin, 
which is known to contain immunoglobulins which can control complement 
function, also should contain IgG directed against Galai-3Gal the major target 
of human xenoreactive antibodies [7-9]. Infusing human y-globulin into the reci- 
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pient of a porcine xenograft might thus allow the weighing of the various patho- 
genic and protective effects of immunoglobulins. Our initial studies analyzed of 
the immune and regulatory properties of human immunoglobulin in in vitro sys- 
tems [2, 10]. Using endothelial cells as a target, we found that commercial pre- 
parations of y-globulin indeed contain significant amounts of IgG, but very little 
or no IgM that bound to porcine cells. The IgG in commercial y-globulin bound 
to porcine endothelial cells in part by recognizing Galai-3Gal, digestion of por- 
cine endothelial cells with a-galactosidase abrogating the binding of IgG by 
20 %-50 %. Although IgG bound to the porcine cells, it did not induce comple- 
ment binding when the cells with human IgG attached were incubated with 
human complement [2, 11]. This result is consistent with our prior observations 
that it is IgM and not IgG in human serum which activates complement when a 
human serum is exposed to porcine cells [12]. We also showed that although 
human y-globulin contains IgG directed against Galai-3Gal, the same epitope 
as xenoreactive IgM [9], the binding of that IgG to porcine endothelial cells 
did not prevent the binding of xenoreactive IgM from a human serum or the 
ability of that IgM to activate complement on washed cells. These results suggest 
that within the limits of the system used whatever anti-idiotypic or “blocking” 
effects y-globulin might have on the antibodies in a normal human serum, 
those effects do not materially influence the interaction of xenoreactive anti- 
bodies with a target cell. 

The next question was whether y-globulin would control complement in this 
system as in the other systems previously analyzed. When y-globulin was 
added to a human serum, it prevented, in a dose dependent manner, the bind- 
ing of human complement to porcine cells as measured by the lysis of the cells 
and the release of heparan sulfate from the cells, a reaction we previously 
showed to depend on the activation of complement leading to formation of 
Csa [13]. 

To gain further insight into the mechanisms through which y-globulin might 
regulate a humoral immune reaction, we tested how the administration of y-glo- 
bulin might modify the course of complement-mediated tissue injury in xeno- 
transplantation The initial experiments were conducted in a model system in 
which the blood of cynomolgus monkeys was circulated through porcine kidneys 
using an ex vivo circuit. When the circuit was established and perfusion begun, 
the porcine kidneys maintained a normal color for a few minutes, but its color 
soon changed, taking on a mottled appearance and blood flow to the organ 
rapidly decreased. These external changes were associated with histologic lesions 
consisting of hemorrhage, glomerular microthrombi, etc., characteristic of hyper- 
acute rejection of the kidney. However, when the cynomolgus monkey was treated 
with human y-globulin (2g per kg) prior to establishing the circuit, the porcine 
kidneys maintained a normal appearance and blood flow. Histologic studies 
revealed very little evidence of anatomic abnormality in the kidneys perfused 
by the treated animals, there being only a few focal hemorrhages and few micro- 
thrombi. The porcine kidneys perfused by untreated cynomolgus monkeys con- 
tained substantial deposits of IgM, some IgG, and the complement components 
C3, Csb, C4, and the membrane attack complex along glomerular and interstitial 
capillaries. Kidneys from the treated preparations contained deposits of IgM and 
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especially prominent deposits of IgG along endothelial surfaces, but practically 
no deposits of C4, C3, Csb, or the membrane attack complex. 

The results observed in the ex vivo perfusion model were confirmed in pig-to- 
cynomolgus monkey and pig-to-baboon cardiac xenograft models [2]. Adminis- 
tration of y-globulin to primates prevented the development of hyperacute rejec- 
tion of porcine hearts transplanted in most treated animals. The immunopathol- 
ogy of the xenografts in these treated recipients revealed host immunoglobulins 
and Ciq along endothelial surfaces. However, although plasma C4 and CH50 levels 
progressively decreased there was little or no evidence of complement components 
other than Ciq in the grafts suggesting that the complement reactions had indeed 
been diverted. The histology of the xenografts was consistent with the idea that 
the y-globulin had conferred substantial protection against complement-mediated 
injury. In the several cases in which hyperacute acute rejection did occur, the 
alternative pathway of complement had been activated and there was no evidence 
of classical pathway components. This finding provides evidence that y-globulin 
may be especially effective in controlling the classical complement pathway. 

Our studies using nonhuman primates supported other evidence summarized 
above concerning the mechanism of action of y-globulin. The presence of human 
y-globulin in the blood of non-human primates did not impair the binding of 
xenoreactive antibodies, particularly IgM, in the serum of the nonhuman pri- 
mates to porcine endothelial cells. Although complement levels in the primates 
decreased after administration of y-globulin, the CH50 and the levels of C3 
and C4 remained appreciable, suggesting that the complement system remained 
intact. After the xenografts were reperfused, the level of complement in the 
plasma of the recipients declined rapidly, consistent with the idea that consump- 
tion was initiated in the graft and then diverted away. Also consistent with this 
view was the presence of Ciq and the near absence of C4 and C3 in the grafts 
suggesting that following reperfusion, the very rapid and profound decrease in 
complement components in the recipient’s blood reflected consumption initiated 
in the graft with the reactive molecules of C4 and/or C3 diverted away. 



Comment 

Our findings have several implications for the field of xenotransplantation. Of 
interest from a theoretical perspective is the nature of the interactions between 
xenoreactive antibodies and the graft. Although the pathogenesis of rejection 
in pig-to-primate xenografts clearly involves binding of xenoreactive antibodies 
to the graft leading to activation of the complement system [14, 15], and although 
xenoreactive antibodies may also mediate injury by directly altering the physiol- 
ogy of the endothelial cells to which they attach [9, 16], we must now consider 
that immunoglobulins also may serve a protective role. Immunoglobulins may 
cause endothelial cells to adopt a posture of resistance to complement-mediated 
injury and immunoglobulins may help to divert reactive complement molecules 
away from the target. Whether xenoreactive antibodies offer more or less benefit 
in these functions compared to the other 98 % of immunoglobulins in plasma we 
do not yet know. 
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From a practical perspective, our findings show that there is, in y-globulin, a 
readily available and presumably safe agent which can be used to prevent com- 
plement-mediated injury to xenografts. One potential advantage of this agent 
over some others that have been reported is what appears to be selectively greater 
effects on the classical complement pathway, with the alternative complement 
pathway remaining functionally intact. Since the alternative complement pathway 
confers protection against invasive microorganisms, the administration of y-glo- 
bulin would likely have less tendency than other approaches to compromise host 
defense. 

There is yet another implication of our findings. As the effects of y-globulin 
appear to be manifest at all concentrations tested it may be that physiologic con- 
centrations of immunoglobulin in the blood contribute to the regulation of the 
complement system. In this case, manipulation of total serum immunoglobulin 
levels by immunosuppression or by immunoabsorption might make vascularized 
xenografts more susceptible than they would otherwise be to complement and 
might thus be found to have some paradoxically detrimental effects on the 
well-being of a xenograft. 
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Introduction 

In the 1960s, the very important role of complement in hyperacute xenograft 
rejection was detected and investigated, particularly by two groups headed by 
Gewurz and Nelson, respectively [1-4]. Complement activation was demonstrated 
to be an important event in hyperacute rejection. Two circumstances had delayed 
the clear understanding of this conclusion. The first was that, as early as 1953, 
Simonsen [5] found no alterations in serum complement concentrations during 
rejection of allografts (in dogs), and neither did Hume et al. [6] in transplanted 
patients undergoing acute allograft rejection. Today, we know the great differ- 
ences between allograft rejection and xenograft rejection, but it was natural at 
that time to link these two phenomena together. The second factor was the 
absence of knowledge (or denial of the existence) of the alternative pathway. 
The existence and very important role of this pathway was only fully acknowl- 
edged 10 years after the basic experiments by Gewurz et al. and Nelson. 

While it had hitherto been thought that the classical pathway was the only one 
operating in discordant xenograft rejection, in the 1970s it became evident that 
both the classical and alternative pathways could be activated and lead to graft 
destruction. In a book on xenotransplantation written in 1978 by Kemp [7], 
the following statement was made: ‘Tt is probable that the complement system 
in hyperacute xenograft rejection can be activated by both the classical and alter- 
native pathways - if one is blocked it is possible that the other is activated more 
strongly” (Fig. 1). Important experimental evidence was documented by Schilling 
et al. [8], who, using organ perfusion experiments, proposed that xenograft rejec- 
tion took place in some animal models even after depletion of natural antibodies. 



Fig.l. The two pathways of the 
complement system [7] 



alternative 

pathway 




f3b~-C5 • 




426 



T. Kobayashi, E. Kemp, and D.K.C. Cooper 



During the 1980s, several investigations confirmed that both pathways can be 
activated and lead to destruction of a discordant xenograft. Kissmeyer-Nielsen, 
Olsen, Petersen, and Fjeldborg [9] as early as 1966 demonstrated the importance 
of antibodies in allotransplantation. In some experimental models the classical 
pathway has major influence, but if this pathway is not functioning, the alter- 
native pathway may come into play. Nonsuckling pigs, which do not yet harbor 
immunoglobulins, exhibit delayed rejection of transplanted rabbit kidneys [10]. 
Experiments in Kemp’s laboratory showed that no transplanted kidney was 
rejected by a non-suckling pig, while 3-week-old pigs rejected rabbit kidneys 
within 15-45 min. 

Much longer survival was seen in the newborn pig-to-newborn baboon cardiac 
xenograft model by Kaplon et al. [11]. Eventually, however, the grafts transplanted 
into newborn animals without immunoglobulins in the serum are rejected. Thus 
it seems that the immunological system has several defense barriers against 
xenotransplantation. In addition to the classical and alternative pathways of 
complement, and the acute cellular response, probably other factors may also 
be activated in order to combat foreign tissue [12]. Today, in the 1990s, investi- 
gations have clarified some of the mechanisms of discordant xenograft rejection 
(Chap. 2). 

Thirty years ago, Gewurz et al. and Nelson detected the profound effect of 
cobra venom factor (CVF) upon hyperacute xenograft rejection [1-4]. By 
ingenious methods they developed preparations of CVF that were tolerated 




Fig. 2. Histopathology of a rabbit kidney transplanted into a bilaterally nephrectomized cat that 
received treatment with cobra venom factor. Seven days after transplantation, the serum creati- 
nine was 630 pmol/l. The kidney functioned, as judged by creatinine and good diuresis. The glo- 
meruli, the arterioles, and the interstitial tissue were normal, but a focal tubular degeneration 
was seen in the cortex. (Courtesy of Prof. Svend Larsen) 




Prolongation of Xenograft Survival by Cobra Venom Factor 



427 



Table 1 . Graft survival and histology of rabbit renal xenografts in cats 



Group 


Drug 


Xeno- 

grafts 

M 


Graft survival (mins) 


Glome- 

rular 

platelet 

aggre- 

gation 


Vascular 

endo- 

thelial 

damage 


Immuno- 
fluores- 
cence 
(rabbit 
anti- cat) 






Mean 


Range 


P 


Control 




8 


12 


5-20 




8 


0 


2 


ACE 


Captopril 


5 


56 


45-60 


0.001 


5 


0 


0 


inhibitors 


Enalapril 


5 


34 


20-50 


0.002 


5 


0 


0 


Vaso- 


Nifedipine 


3 


15 


15-15 


NS 


3 


0 


0 


dilators 


Prostacyclin 


3 


42 


22-54 


0.02 


3 


0 


0 


Immuno- 

suppres- 


Corticosteroids 
+ azathioprine 


19 


8 


1-30 


NS 


19 


0 


2^ 


sants 


Cyclosporine A 


4 


11 


10-13 


NS 


4 


0 


1 




Lomudal (sodium 
chromoglycate) 


3 


22 


22-22 


0.01 


3 


0 


0 




Cobra venom 
factor 


13 


2700 


180-10 000 


0.001 


0 


0 


4^ 



From [13]. 

NS, not significant. 
^Out of 12 xenografts. 
^Out of 11 xenografts. 



by the recipient animal and that could delay rejection from minutes to sev- 
eral hours. In our own (Kemp’s) laboratory, we demonstrated even longer 
prolongation of discordant xenograft function by using CVF [13] (Fig. 2, 
Tablet). Unfortunately, the CVF used was toxic. CVF-treated animals lost 
appetite and did not thrive. Furthermore, the preparation used had nephro- 
toxic properties, resulting in some tubular necrosis in transplanted kidneys 
which, however, functioned for several days. The toxicity of CVF is related 
to the purity of the preparation (now greatly improved) and also to the 
experimental model used. For example, rats are more vulnerable to CVF toxi- 
city than cats, and special purification procedures are necessary before CVF 
can be used in rat experiments. 

Inherited deficiency in one of the complement factors can also result in pro- 
longed survival of discordant xenografts in certain experimental animals, the 
best known of which is the C6-deficient rabbit [14]. Prolongation of survival 
of discordant xenografts was also demonstrated following treatment with mono- 
clonal antibodies directed against complement factors. Thus we found prolonga- 
tion (but also side effects) using a preparation of anti-C3 [15]. 



Cobra Venom Factor 

CVF is a glycoprotein isolated from cobra venom which depletes complement 
activity through consumption of the C3 component. Crude cobra venoms have 
long been known to have various toxic actions, most notably the peripheral 
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respiratory paralysis that is the primary cause of death following cobra venom 
poisoning [i6, 17]. Various pharmacologically active toxins and enzymes, such 
as neurotoxins, cardiotoxins and phospholipase A2, have been separated from 
cobra venoms, and their functions have been determined [18, 19]. 



Toxicity 

The clinical symptoms of systemic intoxication develop within 1-12 h and include 
drowsiness, apathy, a feeling of “alcoholic intoxication” or of receding conscious- 
ness, diplopia, blurred vision, headache, and heaviness of the eyelids (ptosis). 
Paralysis of the extrinsic ocular muscles, palate, tongue, and neck muscles is com- 
mon. The intercostal muscles, diaphragm, and limbs may also be affected. Coma, 
and twitching movements or convulsion, may be seen as terminal events [18]. 



Purification 

Purification of CVF, therefore, is essential for in vivo administration. Ion 
exchange chromatography and gel filtration are used for the isolation of CVF 
from the cobra venom [20]. Briefly, cobra venom is dissolved in 0.01 M phosphate 
buffer (PH7.5) and passed down a diethylamino ethanol (DEAF) cellulose column. 
After the major proteins, including the neurotoxins, have passed through the col- 
umn, CVF is eluted with a 0.5 M NaCl gradient. The CVF fraction is then concen- 
trated and purified further by gel filtration using Sephadex G-200. However, 
since this two-step purified CVF still contains phospholipase A2, further sequen- 
tial chromatography or isoelectric focusing is necessary to yield a product that is 
free of phospholipase A2 [21-23]. 

It has been shown that purified CVF retains the capacity to cause lung damage 
[24], since CVF activates the alternative pathway of complement, thereby gener- 
ating vasoactive and chemotactic complement fragments, C3a and Csa, which are 
known to induce aggregation of platelets and leukocytes [25, 26]. However, C3a 
and C5a are rapidly converted to C3a des Arg and Csa. des Arg by carboxypepti- 
dase N (SCPN), and therefore infusion of purified CVF is nonlethal and, indeed, 
is no longer associated with significant morbidity [27]. 



Mechanism of Action 

CVF, which is a structural and functional analogue of C3 [28], is a complement- 
activating protein (Fig. 1). CVF binds factor B to form the complex CVFB [29], 
which is also cleaved by factor D into CVFBb and Ba [30]. The biomolecular 
complex CVFBb is a C3/C5 convertase that activates C3 and C5 analogously to 
the C3/C5 convertase formed with C3b. Although the two C3/C5 convertases, 
C3bBb and CVFBb, share molecular architecture, the active site-bearing Bb sub- 
units, and substrate specificity, the two enzymes exhibit significant functional 
differences. The CVFBb enzyme is physicochemically far more stable than 
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C3bBb. The half-life of decay dissociation at 37 °C is 1.5 mm for C3bBb [31] but is 
yh for CVFBb [30]. 03b Bb is disassembled by Factor H [32], and C3b is inacti- 
vated by the combined action of factors H and I [33], whereas CVFBb is resistant 
to these regulatory complement proteins [34, 35]. C3bBb requires additional C3b 
for C5 cleavage, while CVFBb can cleave C5 directly [36]. 



Experience in Experimental Xenotransplantation 

Therefore, CVF provides the opportunity for the in vitro and in vivo experimen- 
tal study of complement depletion. The administration of CVF has been used in 
many experiments relating to the hyperacute rejection of xenotransplants in 
which complement is believed to play a major role (Tables 2, 3). In the early 
experiments using CVF, the role of complement in the development of hyperacute 
rejection after discordant xenotransplantation was examined. Since CVF was 
demonstrated to inhibit hyperacute rejection, more recently CVF has been used 
to help elucidate the mechanisms of delayed xenograft rejection [37-40]. In con- 
cordant xenotransplantation, the complement-mediated rejection that occurs 
after the initial increase in antibody production has also been investigated 
using CVF. 

Although CVF is the most commonly known and well characterized comple- 
ment-reactive factor, the existence of at least two other anticomplementary fac- 
tors from cobra venoms has been reported [41, 42]: (1) high molecular weight 
factor (H-CoF; MW, 0.8-1.0X10^), which is known to inhibit early reactions of 
the classical pathway of complement and (2) complement inhibitor (Cl; MW, 
26000), which interferes at various steps of the complement cascade, including 
reactions of both the classical and the alternative pathways. 

Two CVFs - one from Naja naja and the other from N. haje cobra venom - 
have been purified and compared regarding their function and pharmacokinetics 
[36, 43]. The differences reported include the following: (a) CVF from N. naja has 
C3- and C5-depleting effects, while CVF from N. haje has a selectively C3-deplet- 



Table2. Xenotransplantation experiments involving the use of cobra venom factor (CVF) in non- 
rodents 



Donor/recipient species 


Transplant 


Longest graft survival 


Reference 


Rabbit/dog 


Kidney 


150 min 


[4] 


Pig/dog 


Kidney 


26 h 


[56] 


Pig/dog 


Kidney 


21 h 


[3] 


Pig/dog 


Kidney 


60 min 


[57] 


Dog/rabbit 


Kidney 


75 min 


[58] 


Rabbit/cat 


Kidney 


3 days 


[59] 


Rabbit/cat 


Kidney 


7 days 


[13] 


Rabbit/pig 


Heart 


18 h 


[60] 


Pig/baboon 


Heart 


17.5 days 


[37] 


Pig/baboon 


Heart 


25 days 


[38] 
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Tables. Xenotransplantation experiments involving the 
rodents 


use of cobra venom 


factor (CVF) in 


Donor/recipient species 


Graft survival 




Reference 




Mean 


Longest 




Rat/rabbit 


4.4 h 


- 


[61] 


Hamster/rat (sensitized) 


1.8 days 


- 


[61] 


Guinea pig/rat 


2.9 days 


- 


[62] 


Guinea pig/rat 


- 


3 days 


[63] 


Hamster/rat 


49.1 days 


105 days 


[64] 


Hamster/rat 


3.2 days 


4 days 


[65] 


Guinea pig/rat 


3.7 days 


- 


[66] 


Guinea pig/rat 


2.3 days 


- 


[67] 


Hamster/rat 


4.0 days 


5 days 


[68] 


Guinea pig/rat 


6.6 days 


7 days 


[69] 


Guinea pig/rat 


3.2 days 


- 


[39] 


Guinea pig/rat 


- 


- 


[40] 


Hamster/rat 


- 


19 days 


[70] 


Mouse/rat (sensitized) 


- 


4 days 


[71] 


Guinea pig/rat 


6.0 days 


8 days 


[72] 



Heart transplantation was performed in all cases. 



ing effect in humans and mice, (b) approximately tenfold higher dosages of N. 
haje CVF than of N. naja CVF are necessary to obtain similar effectiveness in 
mice, and (c) the functional half-life of N. naja CVF is 11.5 h, while that of N. 
haje CVF is 4.5 h in mice. According to other papers, however, the half-life of 
N. naja CVF in rabbits [44] and in mice [45] is reported to be 32 b and 24 b, 
respectively. Therefore, N. naja CVF appears to be more efficient for the deple- 
tion of complement activity than N. haje CVF. 

A major obstacle in performing CVF experiments is that the elimination of 
CVF in vivo is accelerated by the production of neutralizing antibody. Since 
CVF is a foreign protein and is highly immunogenic, anti-CVF antibody is gen- 
erally produced after CVF administration, reducing its efficacy [38, 44-46]. 
Repeated CVF injection after approximately iweek led to a reduced effect on 
complement depletion in rabbits [44] and in mice [45]. When CVF was injected 
in guinea pigs every 3 days, complement activity was suppressed for only 8 days 
after initial administration [46]. In xenotransplantation experiments, we need to 
consider the possibility that it is the reduced efficacy of repeated administration 
of CVF caused by anti-CVF antibody production that leads to complement- 
mediated rejection, rather than other factors. 

In studies at one of our own centers [38], we documented greatly decreased 
efficiency of CVF when readministered to a baboon 2 weeks after an initial injec- 
tion. Anti-CVF antibody was detected as early as 6 days after the initial CVF 
administration in a baboon that had also undergone splenectomy and pig 
heart transplantation. Frequent CVF injections were required to maintain com- 
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plement activity at a low level. However, when given in a combination with phar- 
macologic immunosuppressive therapy (consisting of cyclosporine, methylpred- 
nisolone, cyclophosphamide, ± methotrexate) the administration of CVF 
(0.25 mg/kg) every 3 days proved sufficient to suppress complement activity for 
at least 25 days with no anti-CVF antibody being detected. Therefore, the conco- 
mitant administration of pharmacologic immunosuppressive therapy appeared to 
be beneficial in suppressing the production of anti-CVF antibody and in main- 
taining the efficacy of CVF. 



Cobra Venom Factor and Anti-aGal Antibodies 

Recent work from other centers has demonstrated that the structure of CVF 
includes N-linked complex-type oligosaccharides which contain terminal a-galac- 
tosyl (aGal) residues. Therefore, the naturally occurring anti-aGal antibody pre- 
sent in human serum [47-49] can cross-react with CVF [50]. Although anti-aGal 
antibody does not affect the complement- activating activity of CVF in humans in 
vivo (because the oligosaccharide chains of CVF are not required for its comple- 
ment-activating function), it has been suggested that anti-aGal antibody will 
modulate the effect of complement activation by CVF by forming immune com- 
plexes, which presumably result in a more rapid removal of CVF from the circu- 
lation [50]. 

Pig-to-baboon heart transplantation experiments at our center [38] confirmed 
previous reports demonstrating that purified CVF is nontoxic and highly effec- 
tive in depleting complement activity [43-46, 50]. However, in combination 
with heavy pharmacologic immunosuppression, a high incidence of infection 
was observed in the recipient baboons. If CVF is used clinically together with 
pharmacologic immunosuppressive therapy to prevent complement-mediated 
vascular rejection, it seems likely that this combined therapy will put the patient 
at a significant risk of developing infection. 



Comment 

Other agents are also being explored in an effort to inhibit complement-mediated 
rejection. The effects of (a) soluble complement receptor type I (sCRi) [51], (b) 
anti-C5 monoclonal antibody [52], (c) FUT-175 (a synthetic serine protease inhi- 
bitor) [53], and (d) K76COOH (a monocarboxylic acid derivative of a fungal 
product) [53] have all been reported. Since these agents, unlike CVF, do not 
release the potent proinflammatory mediator Csa (which activates endothelial 
cells and attracts leukocytes, resulting in graft damage by fibrin deposition 
and platelet aggregation) they may prove preferable to CVF in the prevention 
of hyperacute rejection. 

CVF delays hyperacute xenograft rejection but delayed vascular rejection is 
not avoided. At the present time, one of the great unanswered questions concerns 
the causes and mechanisms of rejection in the presence of complement inactiva- 
tion. 




432 



T. Kobayashi, E. Kemp, and D.K.C. Cooper 



Other means of inactivation of the complement system have been developed, 
but CVF is still as effective as newer agents, such as SCRi [54] and Ci-inhibitors 
[55]. One of the most exciting developments today is the breeding of transgenic 
animals with human complement regulator genes (Chap. 49). This is a most prom- 
ising method of obtaining successful xenografting, and was, in fact, developed 
to some considerable extent on the basis of results from the early experiments 
with CVR 
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Introduction 

The immediate and devastating effects of hyperacute rejection in xenotransplan- 
tation have tended to focus research and therapeutic strategies on this major hur- 
dle, and there is no question that without such strategies the problems facing 
xenotransplantation cannot even be studied experimentally [i]. Nevertheless, if 
xenotransplantation is to become a clinical alternative, it will be necessary to 
confront the full spectrum of pathophysiological mechanisms at play. Many of 
these are well known clinically in the context of allotransplantation [ 2 ]. In xeno- 
transplantation, the most critical steps are the immediate deposition of xenoreac- 
tive natural antibodies on graft endothelium causing complement activation, the 
activation of coagulation and thrombotic mechanisms, the intermediate inflam- 
matory and immune cellular responses, and the anticipated longer-term pro- 
cesses of tissue hyperplasia and remodeling. Many of the cellular and molecular 
culprits driving or amplifying these pathways are known and inextricably linked: 
others yet to be discovered or fully understood will have to be woven into the 
existing tapestry. Despite the individual and collective complexities of the path- 
ways involved, some points emerge clearly: 

1. Complement activation is central to the initiation, progression and amplifica- 
tion of the destructive processes of hyperacute rejection. 

2. It will be hard to overestimate the amplifying role of the endothelium as a tar- 
get and source of activation responses. 

3. In order to alleviate early or late responses to xenotransplantation, therapeutic 
regimens that limit the amplification cascades are likely to be more effective 
than those that block individual molecular effectors of damage. 

Before considering the effects of soluble complement receptor type 1 (sCRi) in 
xenotransplantation, it may be useful to outline the mechanisms of complement 
activation and its consequences on the cell types most critically involved in the 
progression of responses to xenografting. 



Complement Activation 

upon reperfusion of the xenograft, pre-existing, xenospecific natural antibodies 
bind to the graft endothelium thus activating complement through the classical 
pathway, leading to hyperacute rejection. Interventions which deplete natural 
antibodies or complement are both effective in delaying hyperacute reaction in 
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models of xenotransplantation. For Old World monkey recipients receiving non- 
Old World monkey grafts, the predominant xenoreactive antigen appears to be 
the carbohydrate epitope Galai-sGal [3], which appears to play an important 
role in hyperacute rejection [4]. Natural antibodies are also present in non-pri- 
mate recipients although the specificity of these xenoreactive antibodies is not 
as well defined. Nonprimate recipients also appear to activate complement 
through antibody-independent mechanisms, possibly involving the alternative 
pathway [5, 6]. Alternative pathway activation as reflected by the capacity to 
lyse erythrocytes is clearly species dependent. For example, rat complement effi- 
ciently lyses guinea pig erythrocytes by the alternative pathway and is an order 
of magnitude more efficient than the alternative pathway lysis of pig erythrocytes 
by human complement [7]. Alternative pathway activation may result from spe- 
cies incompatibilities between donor complement regulatory molecules and the 
complement components of the recipient - a lack of homologous restriction 
[8]. Antibody-dependent alternative pathway activation has also been reported 
[9, 10]. Complement activation by either pathway in discordant combinations 
such as guinea pig-to-rat or pig-to-primate leads to rapid hyperacute rejection, 
which appears strongly dependent on the terminal complement components. 

The relative contribution of late versus early components of the complement 
cascade has been examined using C6-deficient rats in a model of guinea pig to 
rat discordant cardiac xenografting [11]. The C6-deficient rats were compared 
with similar strains of complement-sufficient rats. All rats with adequate comple- 
ment activity rejected the cardiac xenografts between 15 and 80 min, whereas C6- 
deficient rats rejected the cardiac xenografts in 1-2 days despite the fact that they 
had high preexisting IgM natural antibody titers. These results confirmed earlier 
studies of cat kidneys transplanted into C6-deficient rabbits [12]. Transfer of 
serum from complement- sufficient rats caused hyperacute rejection within 
116 min. Transfer of heat-inactivated or C6-deficient serum did not induce hyper- 
acute rejection. The hyperacute rejection process was characterized by intravas- 
cular platelet aggregation and interstitial hemorrhage. Organs transplanted into 
the C6 -deficient animals had patent vessels at 30 min, but at 2 days were heavily 
infiltrated by granulocytes and monocytes. This study [11] clearly illustrates that 
a deficiency in C6 prevents C5b-9 -driven cellular damage and procoagulant activ- 
ity, but that it allows an accelerated acute rejection, presumably mediated by C3a 
and Csa, with vasoactive and inflammatory consequences. 

In addition to factors which are peculiar to xenotransplantation, such as 
xenospecific antibodies and the lack of homologous restriction, more common 
mechanisms of complement activation are also likely to be involved, especially 
when therapeutic intervention delays hyperacute rejection. Such mechanisms 
include ischemia and reperfusion injury which likely activates both complement 
pathways as demonstrated in a rat model of myocardial infarction [13] and which 
may result from the exposure of subcellular activators [14-16]. Complement acti- 
vation by ischemic and injured tissues is clearly not responsible for hyperacute 
rejection but may contribute to the overall inflammatory process. Finally, com- 
plement, and in particular fragments of C3, facilitate primary and secondary 
antibody responses, especially to low-dose antigen challenges [17, 18]. Any 
mature xenospecific antibody response that might possibly be generated under 
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conditions of extended xenograft survival, would in turn activate complement 
and other antibody-dependent inflammatory mechanisms including those 
mediated by receptors such as FcR [19] and CiqR [20-23]. 



Complement Effects on Endothelial Cells and Platelets 

In the resting situation, normal endothelial cells maintain a barrier between cells 
and molecules of the vascular lumen and those of the organ parenchyma. Resting 
endothelial cells actively resist thrombosis via molecules such as thrombomodu- 
lin, antithrombin III, tissue factor pathway inhibitor and ADPase. Heparan sul- 
fate on the endothelial surface binds endothelial cell superoxide dismutase, 
thus promoting antioxidant activities of the endothelium. Immediately upon 
xenotransplantation, the situation is transformed (see Fig. 1). Xenoreactive nat- 
ural antibodies bind to graft endothelium activating complement which in turn 
activates the endothelium causing disruption of endothelial junctions leading 
to edema and hemorrhage. This process also exposes sub endothelial procoagu- 
lant surfaces to platelets which adhere by the interaction of platelet receptor 
gplb and von Willebrand factor (vWF). Platelet binding to Ciq or vWF associated 
with the exposed subendothelial matrix could result in the activation of the pla- 
telet receptor gpllbllla with expression of P selectin and pro coagulant activity by 
the platelets [24]. Surface expression of the adhesion molecule P selectin pro- 
motes the interaction of platelets and leukocytes [25] resulting in tissue factor 
expression on monocytes following direct adhesive contact [26]. Production of 
superoxide anion and other reactive oxygen species could be enhanced through 
the interaction of P selectin and sialyl-Lewis"" (sLeX) carbohydrate antigen as 
has been demonstrated in vitro [27]. In turn these events would result in further 
endothelial activation and consequent thrombosis [28]. Thus the immediate 
effects of antibody- driven complement activity on the endothelial surface result 
in loss of barrier function and an upregulation of procoagulant and prothrombo- 
tic mechanisms as well as the initiation of downstream inflammatory amplifica- 
tion loops. 

Activation of the complement cascade by either the classical or alternative 
pathways, leads to cleavage first of C3 and then of C5 into biologically active 
products. The smaller cleavage products (anaphylatoxins C3a and Csa) are extre- 
mely potent proinflammatory mediators. Both C3a and Csa dramatically increase 
vascular permeability, trigger release of histamine from mast cells and basophils, 
and stimulate smooth muscle contraction. C33. activates endothelial cells [29, 30], 
although C5a receptors on endothelial cells are expressed at low density [31]. 
Endothelial activation results in release of heparan sulfate [29], synthesis of tis- 
sue factor [32], secretion of vWF from Weibel-Palade bodies and transient 
expression of P selectin [31]. The acute consequences of endothelial cell activa- 
tion, in the context of xenotransplantation, are dire. Fibrin deposition, augmen- 
ted thrombin-mediated platelet aggregation, and vascular leak and hemorrhage 
all serve to limit xenograft survival. 

The terminal effector phase of complement activation results in the formation 
and deposition of the membrane attack complex (MAC, C5b-9), a pore-forming 
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FIBROBLASTS 

Fig.l. Introduction of a xenograft immediately sets in motion events that culminate in hyperacute 
rejection. Xenoreactive natural antibodies are deposited on the graft endothelium and comple- 
ment activation ensues. Early split products of complement activation, such as the anaphylatox- 
ins C3a and C5a and the terminal complement complex Csb-p, activate a wide variety of cells to 
cause activation, adhesive interactions, and release of a host of mediators, cytokines, chemo- 
kines, and growth factors. The cellular and molecular interactions result in coagulation and 
thrombosis, edema and hemorrhage, inflammatory reactions, and cell and tissue destruction 
and may lead to proliferation of underlying cells and tissues. FGF, fibroblast growth factor; 
PDGFy platelet-derived growth factor; EC, endothelial cell; SMC, smooth muscle cell; PMAT, poly- 
morphonuclear neutrophil; M0, macrophage 
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complex of multiple complement components (C5b, C6, C7, C8, and C9). C5b-9 
assembly on cell membranes causes ion and water fluxes that ultimately lead 
to cell death by lysis. Sublytic deposition of C5b-9 and consequent cytosolic 
ionic changes may initiate signaling cascades that activate a variety of proinflam- 
matory responses [33] including the release of reactive oxygen metabolites, pro- 
duction of prostaglandins and leukotrienes and secretion of cytokines including 
interleukin (IL)-i. Insertion of C5b-9 into endothelial cells leads to the release of 
platelet derived growth factor (PDGF) and basic fibroblast growth factor (bFGF) 
[34]. These potent mitogens for smooth muscle cells may contribute to chronic 
proliferative changes similar to those observed in vessels with transplant arterio- 
sclerosis associated with chronic allograft rejection. Insertion of C5b-9 causes a 
rapid fusion of cytoplasmic granules with the endothelial cell membrane expos- 
ing P selectin leading to interact ions among platelets, neutrophils and mono- 
cytes [35]. In addition, the vesiculation of the plasma membrane exposes a cata- 
lytic surface on vascular endothelial cells for assembly of the prothrombinase 
enzyme complex that can contribute to fibrin-deposition associated with acute 
immune endothelial injury [36]. Platelet aggregation and activation can be aug- 
mented by C5b-9 deposition on platelets [37]. C5b-9 activated platelets also 
increase thromboxane synthesis, secrete storage granule contents, and express 
procoagulant activity. The involvement of platelets in hyperacute rejection has 
been demonstrated and the contribution of platelets to accelerated arterio- 
sclerosis and chronic rejection is widely accepted. Through the action of C5b-9, 
complement activates a wide-range of cell types, circumventing any requirement 
for a specific receptor-ligand interaction. Thus the formation of the terminal 
complement complex can lead both to endothelial cell destruction and to sublytic 
triggering mechanisms which mimic the effects of endothelial cell and platelet 
agonists. 



Complement Effects on Leukocytes 

C5a is a powerful chemoattractant for granulocytes (eosinophils and basophils as 
well as neutrophils) and monocytes. Csa activates these cells and causes enzyme 
release by granulocytes [38, 39], cytokine (IL-i, IL-6, IL-8, and tumor necrosis 
factor-a, TNF-a) production by monocytes [40-42] and up-regulation of the 
complement receptor type 1 (CRi) and type 3 (CR3) [43, 44]. C3a activates baso- 
phils [45] and eosinophils which may in turn activate neutrophils [46]. The 
release of proinflammatory cytokines amplifies downstream adhesion and activa- 
tion events, augments the proliferative responses of T lymphocytes, and enhances 
antibody production by B lymphocytes. C3b and its inactive product, iC3b, can 
serve as accessory adhesion molecules strengthening the contact between target 
and effector cells expressing CRi and CR3 [47]. CR3 (CDiib/CDi8) is a member 
of the leukocyte integrin family and binds to fibrinogen, factor X, P-glucan, as 
well as iC3b [48, 49]. Csa activation of neutrophils and monocytes not only 
enhances CRi and CR3 attachment to fixed C3b and iC3b, but also exposes a 
binding site in CR3 for intercellular adhesion molecule (ICAM)-i [50]; the latter 
is known to be upregulated in allografts during rejection [51-56]. C5a also upre- 
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gulates the leukocyte adhesion molecules CR4 (CDiic/CDi8) and LFA-i (CDiia/ 
CD18) that bind to iC3b and ICAM-i, -2, and -3. Thus C^a promotes adherence 
to endothelial cells and extravasation of monocytes and neutrophils. 

It is interesting that Fc receptors (FcR) are coexpressed with receptors for 
iC3b, C3b, and Ciq on monocytes, macrophages, neutrophils, platelets and 
some lymphocytes. Csa upregulates monocyte expression of both CRi and FcR 
[57] further increasing their potential contribution to target cell destruction. 
Engagement of FcR on macrophages increases their secretion of C3 at the site 
of inflammation [58]. Thus activation of complement augments inflammatory 
injury in the presence of even low levels of antibody. Allograft infiltrates contain- 
ing large numbers of macrophages expressing both FcR and complement recep- 
tors have been correlated with severe rejection episodes in clinical biopsies [59] 
and animal models [60] and these mechanisms probably play a role in acceler- 
ated acute or delayed xenograft rejection. 



Possible Long-Term Effects of Complement Activation 

When allowed to proceed to completion, activation of the complement system 
can inflict severe damage to endothelial cells and graft tissues via insertion of 
C5b-9. At sublytic levels of C5b-9, the effects of complement activation can target 
a wide range of cells without the need for specific receptor ligand interactions. 
Taken together, components of the complement system trigger or amplify numer- 
ous inflammatory processes largely mediated via the actions of the anaphylatox- 
ins, C3a and Csa, in adherence and activation reactions. Similar recruitment and 
activation of key cellular components of the hyperacute reaction to xenografts are 
mediated by Ciq, C3b, and C5b-9. The activation of platelets and the coagulation 
cascade are constant features of the irreversible failure of the xenografts. 
Ongoing complement activation would tend to perpetuate these responses. 
Whether acute problems predict chronic outcome is still unknown in the allo- 
graft situation and no clear extrapolation can be made to the xenograft situation. 
However, complement activation, in particular effects of sublytic C5b-9 on 
endothelial cells, leads to proliferation of smooth muscle cells and fibroblasts 
in ways that could cause or contribute to the accelerated arteriosclerosis and 
obliterative bronchiolitis seen in successful heart and lung transplants, respec- 
tively. In view of the multiplicity of the effects of complement activation and 
the downstream amplification of these effects, an inhibitor of complement activa- 
tion likely to be useful in the clinical arena should be able to block the tissue 
damaging and procoagulant effects of complement, largely driven by C5b-9, as 
well as the proinflammatory consequences of complement activation driven by 
the anaphylatoxins C3a and C^a. 



Complement Inhibition 

Human CRi (C3b/C4b receptor; CD35) is a single-chain, cell surface glycoprotein 
found on erythrocytes, some T lymphocytes, all mature B lymphocytes, neutro- 
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phils, eosinophils, basophils, monocytes/macrophages, glomerular podocytes and 
follicular dendritic cells [6i]. CRi is also found circulating as a soluble form in 
plasma at low concentrations [62]. Most CRi is found at low levels on erythro- 
cytes where it binds to immune complexes bearing C3b and C4b, thereby clearing 
them from the circulation in a process known as immune adherence [63]. CRi on 
neutrophils and macrophages mediates phagocytosis of opsonized immune com- 
plexes, particles, or cells [64]. CRi on lymphocytes and follicular dendritic cells 
appears to facilitate antibody responses and antigen presentation [65]. In some 
cases, the interaction of the C3b or C4b with CRi may be involved in cellular 
activation [66, 67]. 

The interaction of CRi with C3b and C4b also serves to regulate complement 
activation through its convertase decay accelerating activity and its factor I cofac- 
tor activity [68-70]. Thus CRi binds to C3b and C4b, components of the multi- 
subunit C3 and C5 convertases, promoting the irreversible dissociation of the cat- 
alytic subunit Cza in the classical pathway and of the subunit Bb in the alterna- 
tive pathway, and resulting in convertase inhibition. In addition, CRi serves as a 
necessary cofactor for the proteolytic degradation by factor I of C3b to iC3b and 
subsequently to C3dg and of C4b to iC4b and on to C4d, again resulting in down- 
regulation of the complement cascade. CRi is therefore unique among the regu- 
lators of complement activation (RCA) protein family - which includes decay- 
accelerating factor (DAF, CD55), membrane cofactor protein (MCP, CD46), CRz 
(CD21), factor H and Cq-binding protein - because it possesses both convertase 
decay-accelerating factor activity and factor I cofactor activity in both the clas- 
sical and alternative complement pathways. 

CRi also differs from other cell-surface RCA proteins in that it functions 
extrinsically to the cell on which it resides [71]. The structural basis for this 
extrinsic activity was suggested by the cDNA sequence of CRi [72, 73] in 
which multiple binding sites for Cqb and C3b are arranged in a tandem linear 
array on a single polypeptide chain. The multiple binding sites make possible 
high-affinity interactions of independent CRi molecules with polymeric ligands 
which include the covalent C3b dimer of the alternative C5 convertase [74], the 
properdin-stabilized C3b dimer of the alternative C3 convertase [75], the covalent 
C4b-C3b dimer of the classical C5 convertase [76, 77], and the localized clustering 
of C3b which covalently attaches to surfaces near an active C3 convertase [78]. 

Recognizing the potential for high -affinity, multivalent binding by single CRi 
molecules as well as the capacity to inhibit both complement pathways by two 
separate mechanisms, Fearon and colleagues constructed from the most common 
allotype of CRi, a soluble form which lacked the transmembrane and cytoplasmic 
protein domains [79]. The resulting soluble complement receptor type 1 (sCRi) 
was expressed by Chinese hamster ovary cells and shown to retain all the 
known activities of the native, cell surface receptor. sCRi was demonstrated in 
vitro to be a potent and selective inhibitor of both the classical and alternative 
complement pathways and to block proinflammatory consequences of comple- 
ment activation, namely, the generation of C3a, Csa, and Csb-q. Furthermore, 
by serving as a cofactor for factor I, sCRi facilitates the degradation of C3b 
and Cqb to inactive forms which no longer bind sCRi, releasing it to recycle 
in the inhibitory process [79]. 
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The cofactor activity of sCRi, like the soluble regulatory protein factor H, 
makes possible the factor I cleavage of C3b to iC3b and of C4b to iC4b. Unlike 
factor H, however, sCRi can also serve as a cofactor for the further cleavage 
by factor I of iC3b to C3dg and iC4b to C4d. sCRi is thus capable of degrading 
the ligands for CRi and CR3 expressed on macrophages and neutrophils which 
may mitigate cellular inflammatory responses. The consequences of generating 
C3dg, a ligand for CR2 on B cells, using sCRi as a cofactor remain unclear. It 
is likely that this conversion is normally effected by CRi which is found com- 
plexed with CR2 on the surface of B cells [80]. 

Because the sequence homology of the complement proteins has been gener- 
ally well conserved through evolution, sCRi - which is derived from a human 
gene product - retains significant, albeit not total, regulatory activity for many 
non-human complement systems. This has made possible the evaluation of com- 
plement inhibition by sCRi in a wide variety of animal models in several species 
including rats, guinea pigs, mice, pigs and monkeys. 



Models of Xenograft Rejection 

Hyperacute rejection has been long considered a primary barrier to successful 
xenotransplantation. However, sCRi was first demonstrated to delay hyperacute 
rejection in an ACI-to-sensitized Lewis rat cardiac allograft model. In this 
model, repeated skin grafting from ACI rat donors to Lewis rat recipients was 
used to generate an allo-specific antibody titer followed by heterotopic cardiac 
transplantation. Complement depletion using cobra venom factor (CVF), a potent 
activator of complement, had previously shown the model to be complement 
dependent [81] which was confirmed using a single dose of sCRi (3 mg/kg) 
which prolonged graft survival to 32 b compared to 3 b for vehicle-treated con- 
trols [82]. These results suggested the potential for sCRi to control hyperacute 
rejection in recipients presensitized by alloantigen exposure such as from a 
prior transplant or transfusion. These results also demonstrated that comple- 
ment-mediated hyperacute rejection can occur in the context of normal expres- 
sion levels of the endogenous complement regulatory proteins including DAF, 
MCP and CD59 - in the context of homologous restriction. 

Encouraged by the results in the sensitized allograft model, Pruitt and collea- 
gues examined the effects of sCRi in the complement-dependent [5, 83] Hartley 
guinea pig-to-Lewis rat cardiac xenograft model. They found that a single dose 
of sCRi at reperfusion prolonged graft survival from a mean of 17 min in vehi- 
cle-treated controls to over 12 h for the highest (60 mg/kg) dose tested [84]. As 
shown in Fig. 2, the dose-dependence of graft survival time which they observed 
has been subsequently confirmed by other investigators in related studies. Histo- 
logic assessment of rejected grafts from buffer-treated recipients revealed intra- 
vascular platelet aggregation, interstitial hemorrhage and myocardial necrosis - 
all characteristic of hyperacute rejection. In grafts harvested at early times 
(21 min) from sCRi-treated recipients, platelet aggregation, hemorrhage and 
necrosis were only minimally present. In grafts harvested at rejection from reci- 
pients in the high dose (60 mg/kg) group, marked PMN infiltration in addition to 
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Guinea Pig-to-Rat Cardiac Transplantation 




cummulative sCR1 dose (mg/kg) 

Fig. 2. Mean xenograft survival times are a function of sCRi dose in the guinea pig-to-rat cardiac 
xenotransplantation model performed in different laboratories. The error bars shown represent 
the standard deviations observed in the first such study by Pruitt and colleagues [84] {filled cir- 
cles). Additional agents were combined with sCRi in some of the related studies, but the data 
presented here represent groups of rats treated with sCRi alone. The other studies represented 
are from Xia [88, 89] {open squares)^ Zehr [97] {filled squares)^ Candinas [90] {open circles), 
Fujiwara [96] {open triangles), and their respective colleagues. The asterisks indicate a repetitive 
sCRi dosing regimen, whereas all other data are from single bolus sCRi groups 



myocardial necrosis, interstitial hemorrhage and occasional platelet aggregation 
was observed. This cellular infiltrate is typical of the rejection of xenografts at 
longer survival times in the presence of complement depletion or inhibition 
recently referred to as “accelerated acute rejection” [11] or “delayed xenograft 
rejection” [85]. As expected, a single bolus of sCRi (60 mg/kg) had no marked 
effect on xenospecific IgM natural antibody titers at early times during rejection 
[ 86 ]. 

The capacity of sCRi to delay hyperacute rejection likely involves suppression 
of cellular-independent mechanisms and possibly cellular-dependent mechanisms 
as well. In an ex vivo model in which rabbit hearts were perfused with 6% 
human plasma, inclusion of sCRi at 4.8 pg/ml in the perfusate protected against 
the increase in diastolic pressure, the decrease in developed pressure, the 
increase in coronary perfusion pressure, and the increase in cardiac muscle lym- 
phatic fluid flow rate observed in untreated controls [87]. Thus complement inhi- 
bition by sCRi was protective under cellular-independent conditions where 
neither circulating cells or thrombin-dependent coagulation could contribute to 
the injury. 
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The effects of single doses of sCRi in the guinea pig-to-rat cardiac xenograft 
model were confirmed [88] and extended to a repetitive dosing regimen 
(approximately 24 mg/kg at times of -1, 60, and 150 min) which prolonged 
graft survival beyond that obtained with a single 24 mg/kg dose [89]. Repetitive 
higher doses of sCRi (25 mg/kg prereperfusion followed by 20 mg/kg at 5 min, 4 b, 
and every 12 h subsequent to reperfusion) extended graft survival to a median of 

23 b relative to 14 mm for controls. Continuous infusion of sCRi (25 mg/kg prere- 
perfusion followed by 20 mg/kg at 5 min, followed by infusion at 40 mg/kg per 

24 b) yielded a similar median graft survival time of 30 h. These high doses of 
sCRi were well tolerated by the rat recipients [90]. 

In an albino guinea pig-to-Wistar rat renal discordant xenograft model, a sin- 
gle 50 mg/kg dose of sCRi prolonged graft survival to 18.8 h compared to 10.5 min 
in saline-treated control rats [91]. Renal graft function reflected by the duration 
of diuresis was 2.3 h compared to no measured function after graft reperfusion in 
the saline-treated control group. 

Having demonstrated the capacity of sCRi alone to delay hyperacute rejection 
in discordant rat recipients, studies were carried out in more clinically relevant 
porcine-to-primate cardiac transplantation models. In an ex vivo model in which 
porcine hearts were perfused with whole human blood, inclusion of sCRi at 
300 pg/ml in the perfusate maintained cardiac function (heart rate and developed 
pressure) for up to 4 b compared to a loss of function within 34 mm for controls 
[92]. In a pig-to-cynomolgus monkey heterotopic cardiac xenotransplantation 
model, a single dose of sCRi at 15 mg/kg prolonged xenograft survival to between 
48 and 90 h compared with untreated controls which rejected in less than ih 
[92]. 

Analogous to the results obtained using extended dosing regimens in the gui- 
nea pig-to-rat model, continuous infusion of sCRi (25 mg/kg bolus followed by 
40 mg/kg per day infusion) in the pig-to-cynomolgus monkey cardiac xenotrans- 
plantation model prolonged xenograft survival to 5 days (120 h) in one recipient 
(for which the infusion catheter was inadvertently occluded and restarted on day 
3) and to / days (>168 h) in a second recipient [93]. It should be emphasized that 
this 5- to /-day xenograft survival time - compared to less than 1 h for untreated 
controls - was obtained from complement inhibition by sCRi alone and utilized 
no other immunosuppressive agents. 



Combination Therapies 

A large body of evidence - including complement depletion with CVF, inhibition 
with sCRi, and the use of complement-deficient recipients - clearly establishes 
the important role of complement activation in hyperacute rejection associated 
with xenotransplantation. It is clear, however, that other important mechanisms 
of rejection will also have to be controlled in order to achieve successful xeno- 
transplantation. As previously described, these other mechanisms include B 
and T lymphocyte responses, vascular endothelial cell activation, responses of 
natural killer (NK) cells, macrophages and neutrophils, cytokine release, platelet 
activation, and coagulation. To address these responses efficiently, it is important 
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to focus on those elements of the immune response which, like complement acti- 
vation, are capable of discriminating self from non-self and thus able to initiate 
the complete array of defensive responses. Foremost among these are the T and B 
cell responses to antigen and the responses of a variety of cell types to reactive 
antibodies mediated by receptors such as FcR and CiqR. Thus successful xeno- 
transplantation will likely require at least some sort of intervention in the com- 
plement cascade as well as some form of cellular immunosuppression or, alterna- 
tively, the induction of T cell tolerance. 

In the pig-to-cynomolgus monkey cardiac xenotransplantation model, contin- 
uous infusion of sCRi (25 mg/kg bolus followed by 40 mg/kg per day infusion) 
combined with a triple therapy protocol of cyclosporine, cyclophosphamide, 
and high-dose steroids yielded graft survival times of 11, 21, and 32 days in 
three recipients (in the latter two, grafts were not rejected but the recipients 
died of infectious complications) [94]. These very encouraging results point to 
unanswered questions regarding the best regimen for cellular immunosuppres- 
sion, the inclusion of additional agents, and the duration of complement inhibi- 
tion which may be required. Initially, many of these questions can be posed in 
small animal models such as the guinea pig-to-rat combination. 

Complement depletion using CVF has proven effective in prolonging graft sur- 
vival in the guinea pig-to-rat cardiac xenograft model [83, 95]. It was questioned 
whether the addition of sCRi to CVF therapy might further prolong graft survi- 
val or otherwise attenuate inflammatory responses caused by the intense comple- 
ment activation by CVF, either by (a) inhibiting newly synthesized complement 
components, especially those synthesized within the xenograft by endothelial 
cells and infiltrating mononuclear cells, or by (b) promoting the factor I degra- 
dation of C3b to iC3b and on to C3dg, thus mitigating interactions with the adhe- 
sion receptor CR3 (CDiib/CDi8) on macrophages and neutrophils. Repetitive 
doses of sCRi (25 mg/kg prereperfusion followed by 20 mg/kg at 5 mm, qh, and 
every 12 h subsequent to reperfusion) in combination with complement depletion 
using CVF did not prolong graft survival beyond that obtained using CVF alone, 
but did result in decreased macrophage activation and reduced levels of cytokines 
(TNF-a and IL-iP) within xenografts compared to the CVF alone group [90]. 

In the first study of sCRi in a discordant xenotransplantation model, a reduc- 
tion in intravascular platelet aggregation was observed in the grafts of the sCRi- 
treated rat recipients [84]. The exact mechanisms which result in platelet aggre- 
gation during hyperacute rejection and which of these mechanisms are comple- 
ment-dependent remain to be defined. As described earlier, complement activa- 
tion of endothelial cells leads to a wide range of responses including the 
release of heparan sulfate and the increased expression of tissue factor. On the 
other hand, interspecies incompatibilities of the various factors regulating throm- 
bosis and coagulation could result in platelet aggregation by mechanisms totally 
independent of complement action. It is not known whether human antithrombin 
III interacts effectively with rat thrombin, but it is thought to inhibit platelet 
aggregation in rats by stimulating endothelial cell production of prostacyclin 
(PGI2) through binding to heparin-like glycosaminoglycans. In the guinea pig- 
to-rat cardiac xenotransplantation model, a single 20 mg/kg dose of sCRi pro- 
longed graft survival to a mean of 2.0 h compared to 18.6 min for the control 
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group, corroborating earlier studies. Treatment with antithrombin III alone did 
not significantly prolong graft survival (mean of 32.3 min) but did prolong survi- 
val to 4.2 h when combined with 20 mg/kg sCRi [96]. These results suggest the 
possible combinations of sCRi with antithrombin III as well as a wide range 
of anti-platelet agents, including prostacyclin and platelet- activating factor 
(PAF) antagonists. 

When xenograft survival was extended by complement inhibition with sCRi, 
cellular infiltrates in the grafts were eventually observed by 6.7 h in the guinea 
pig-to-rat model [84] and by 2-3 days in the pig-to-monkey model [92]. Recently, 
a variety of agents targeting cellular adhesion receptors has been developed to 
interrupt the process of rolling, adherence and extravasation of leukocytes at 
sites of injury and inflammation. The leumedins are one such group of agents 
and are thought to inhibit neutrophil adhesion by blocking the upregulation of 
the adhesion receptor CR3 (CDiib/CDi8). In the guinea pig-to-rat cardiac xeno- 
transplantation model, a single 20 mg/kg dose of sCRi again prolonged graft sur- 
vival to a mean of 1.9 h compared to 8.7 min for the control group. Treatment 
with the leumedin NPC 15669 alone did not significantly prolong graft survival 
(mean of 9.9 mm) but did prolong survival to 6.2 b when combined with 
20 mg/kg sCRi [97]. As in the above examples, the combination of sCRi with 
an agent which alone does not prolong xenograft survival, led to further pro- 
longed survival times. 

In light of the synergy obtained from sCRi used in combination with other 
agents, we have chosen to incorporate additional functional activities directly 
into a second generation form of sCRi. Specifically, we have chosen to produce 
sCRi under conditions which allow for the incorporation of the sLeX oligosac- 
charide during the post-translational glycosylation of the protein. sCRi appears 
especially well-suited for such sLeX decoration because of its elongated, flexible 
structure bearing 25 potential asparagine-linked glycosylation sites [79]. The 
sLeX oligosaccharide is the common carbohydrate ligand for the P, E, and L 
selectin adhesion receptors which mediate early intercellular contacts, in particu- 
lar, the rolling of leukocytes on the vascular endothelium. Thus sCRi expressing 
sLeX (sCRisLeX) has the potential not only to inhibit complement activation and 
selectin-mediated cellular interactions, but also may localize these activities at 
sites of inflammation where activated endothelium has up-regulated the expres- 
sion of P and E selectin. Cell lines expressing sCRisLeX have been developed 
and the purified protein will be examined in xenotransplantation and other ani- 
mal model studies. 



Potential in Clinical Xenotransplantation 

The importance of complement in the hyperacute rejection following xenotrans- 
plantation has been recognized using recipient animals depleted of complement 
with CVF. However, as yet no agents in clinical practice can prevent the hyper- 
acute rejection process. Administration of sCRi has now been shown to prevent 
hyperacute rejection in rodent and primate recipients following discordant xeno- 
grafting and provides a clinically relevant therapeutic option. Continuous admin- 
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istration of sCRi coupled with standard immunosuppression leads to xenograft 
survival in the pig-to-primate model of up to a month. Such graft survival 
times would potentially allow bridging until a suitable human donor organ 
became available and provides a viable clinical window. Other approaches to lim- 
iting complement-mediated hyperacute rejection involve breeding donor animals 
made transgenic for human membrane-bound complement regulatory molecules, 
such as MCP, DAF and CD59 [98-100]. This approach has the advantage of loca- 
lizing complement regulatory molecules at the sites where they are most needed 
(the vessels of potential donor organs) and, assuming expression levels are main- 
tained, could provide complement inhibition for extended periods. If complement 
inhibition is required throughout the life of the xenograft, this approach clearly 
has merit. However, if complement inhibition is required predominantly to stave 
off the initial onslaught of xenoreactive antibodies on donor endothelium, later 
to be subdued by accommodation or modulation responses [101-103], h is clearly 
preferable to use a drug which can be administered subject to physician judg- 
ment regarding the dosing and safety needs of the transplant patient [104]. 
sCRi provides this opportunity. 
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Introduction 

Pulmonary allotransplantation is now recognized as the best therapeutic option 
for patients with end-stage pulmonary disease. One-year survival for persons 
receiving pulmonary allografts for emphysematous lung disease currently exceeds 
8o% and rivals survival for heart allotransplantation [i]. However, despite these 
impressive figures, expansive growth within the field has been limited by a scar- 
city of donor organs adequate for transplantation. The donor organ shortage for 
lungs is more pronounced than for any other solid organ, with only 5 %-io % of 
donors of heart, liver, kidneys, and pancreas of acceptable quality having lungs 
of similar suitability [2, 3]. 

Two alternatives have emerged in the search for viable solutions to the prob- 
lem of the donor lung shortage - cross-species transplants and mechanical 
devices. While each is theoretically valuable as a temporary solution (i.e., as a 
bridge to eventual allograft replacement), the benefit of either as a temporary 
or permanent alternative to allotransplantation remains to be proven. 

The purpose of this chapter is to discuss the emerging field of cross-species 
lung transplantation in disparate (discordant) species combinations. The field 
will be discussed in the light of (a) advances made for other solid-organ xeno- 
grafts and (b) recent results in new experimental pulmonary xenotransplant 
models. The histopathologic features of discordant pulmonary xenograft rejec- 
tion in primate recipients will be described and potential mechanisms of graft 
rejection discussed. Clinically relevant donor sources will also be reviewed, as 
will the future of pulmonary xenotransplantation and its potential for clinical 
reality. 



Cross-Species Transplantation 

Clinical xenotransplantation itself dates to the early twentieth century, at which 
time kidney xenotransplants were performed from rabbit, pig, goat, nonhuman 
primate, and lamb donors. Following these early failures, the scientific literature 
was devoid of reports documenting clinical xenotransplantation for over 40 years. 
In 1963, the field of clinical xenotransplantation was pioneered by Reemtsma and 
colleagues, who transplanted chimpanzee kidneys into humans and achieved 
functional graft survival of up to 9 months using azathioprine and steroid immu- 
nosuppression [4]. During the past decade, advances in experimental cardiac 
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xenotransplantation have confirmed the feasibility and potential benefit of cross- 
species heart transplantation from concordant species donors. However, parallel 
advances have not occurred in the field of lung xenotransplantation, and lung 
xenotransplants in humans have not been attempted to date. 

Relevant Donor Sources 

Concordant species such as nonhuman primates have been considered as a 
potential source of donor organs for clinical xenotransplantation. Unlike the 
fields of cardiac and renal transplantation, very few studies have investigated 
this option with regards to pulmonary xenotransplantation. However, nonhuman 
primate xenotransplantation as a clinical therapeutic option is limited, since it 
cannot adequately address the donor organ shortage. Limitations in the size of 
these donor animals, the infrequency of universal donor blood group O, and 
the possibility of transmitting epizootic disease may, at least in the short term, 
limit widespread clinical application of this option. 

Therefore, the retrieval of organs from disparate species must be pursued in 
order to adequately address the donor organ shortage. Large animals such as 
the pig, which has remarkably similar cardiopulmonary physiology and anatomy 
to humans and can be bred in a specific pathogen-free environment, may repre- 
sent the most likely source of donor organs which could potentially alleviate the 
organ shortage. 



Discordant Pulmonary Xenotransplantation 

Experience with experimental lung xenotransplantation between disparate spe- 
cies has been quite limited in comparison to other large organs [5], and the 
pathogenesis of discordant pulmonary xenograft rejection has not yet been 
clearly defined. Studies from our laboratory have suggested that, following trans- 
plantation into unmodified baboons, pig lungs undergo a form of hyperacute 
rejection which differs from that seen in other large vascularized organs such 
as the heart and kidneys [5, 6]. Hyperacute rejection of pig lung xenografts 
may result from antibody-mediated mechanisms of rejection that are primarily 
directed against xenoantigens expressed proximally in the pulmonary macrovas- 
culature. The proximal nature of this vascular attack may lead to intense vaso- 
constriction, elevated pulmonary vascular resistance, poor peripheral lung perfu- 
sion, and a paucity of immunoglobulin and complement deposition on the 
microvasculature. This is in contrast to classical antibody and complement- 
mediated hyperacute rejection, which is directed against xenoantigens expressed 
peripherally on microvascular endothelium. 

In our preliminary studies, orthotopic single lung xenotransplants (n=io) per- 
formed from pigs-to-unmodified primate recipients were engrafted for periods of 
up to 72 b and demonstrated no significant microvascular endothelial cell (EC) 
deposition of xenoreactive natural antibody or complement proteins [6]. How- 
ever, significant graft injury did occur as evidenced by intra-alveolar hemorrhage 
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Fig.1. Intra-alveolar hemorrhage and edema in lung xenograft 15 min after reperfusion 



and edema, and examination of large vessels revealed binding of IgM and com- 
plement components to endothelial cell surfaces (Fig. 1). 

In order to further investigate the roles of natural antibody and complement 
in mediating discordant pulmonary xenograft rejection in primates, we recently 
performed orthotopic pig-to-baboon double lung xenotransplants. This proce- 
dure necessitated recipient survival to be dependent upon graft function, and 
allowed us to obtain survival data in non-immunosuppressed animals. All double 
lung xenografts performed (n=s) underwent rejection within 3.5 b of implanta- 
tion. 

Pulmonary vascular resistance (PVR) was normal in all recipients prior to 
transplantation, but increased at least twofold within 15 min of graft reperfusion 
and tenfold within 3 h of graft implantation. Histopathology of the rejected tissue 
revealed interstitial hemorrhage with endothelial cell denudation and an influx of 
neutrophils within 15 min of implantation, which was followed by progressive 
mononuclear cell infiltration. At ih following graft reperfusion there was evi- 
dence of endothelial cell denudation with increasing interstitial edema and 
hemorrhage and focal intravascular fibrin and platelet thrombi. 

Immunofluorescence of lung xenograft biopsies performed serially revealed 
focal deposition of IgM and complement on arteriolar endothelium at 1 and 
2h after xenograft reperfusion (Fig. 2). Circulating levels of IgM anti-pig natural 
antibodies decreased by a mean of 48 % within 2 h of graft reperfusion, presum- 
ably reflecting binding to the pulmonary vasculature. Unlike IgM, there were only 
trace deposits of IgG detected on the arteriolar endothelial surfaces at these time 
points. Similarly, in the microvascular endothelium only trace deposits of IgG, 
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IgM, C3, C4, properdin, or MAC were detected. These findings are similar to 
those observed in a rodent model of discordant lung xenograft rejection [7]. 
Tavakoli and colleagues performed orthotopic single lung transplants from gui- 
nea pigs to Lewis rats and reported the presence of IgM, IgG, and C3 deposits 
on the arteriolar endothelium of the rejected xenografts by immunofluorescence 
staining. These observations suggest that hyperacute rejection of pig-to-primate 
lung xenografts occurs by antibody and complement-mediated mechanisms pre- 
ferentially targeted against the lung endothelial macrovasculature. 

This proximal pattern of antibody binding to macrovascular endothelium in 
pig lung tissues differs strikingly from the diffuse microvascular endothelial 
deposition of IgM, C3, C4, and MAC observed in hyperacute rejection of pig- 
to-baboon cardiac xenografts [5]. In all xenografts studied, there was a progres- 
sive influx of OKMi"^ cells detected as early as 15 min following graft reperfusion, 
consistent with the presence of neutrophils, macrophages and natural killer cells. 

The results of these experiments demonstrate that unmodified transplanted 
porcine double lung xenografts cannot support the survival of untreated baboon 
recipients. In all instances graft dysfunction and right ventricular failure 
occurred as a result of a severe increase in PVR to levels tenfold greater than 
those pretransplantation. 

The significant increase in PVR observed in both our single and double lung 
xenotransplant studies, as well those from other investigators, suggests that an 
increase in PVR may be the earliest and most specific indicator of lung xenograft 




Fig. 2. Immunofluorescence of lung xenograft biopsy revealed focal deposition of IgM on arterio- 
lar endothelium at 2h after reperfusion 
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rejection. In the report of Tavakoli and colleagues involving orthotopic single lung 
transplants from guinea pigs to Lewis rats, there was a delay of 2-15 min before 
there was visible evidence of graft reperfusion following the restoration of flow 
to the xenografts. The authors attributed this observation to a sudden increase 
in pulmonary arteriolar resistance. Similarly, in a model in which pig heart-lung 
blocs were perfused ex vivo with human blood, an increase in PVR was found 
to be the earliest indicator of lung injury [8]. We propose that deposition of immu- 
noglobulin and complement on the surface of pulmonary arteriolar endothelium 
initiates an inflammatory and vascular response that leads to arteriolar damage, 
vasoconstriction, rise in PVR, and reduced peripheral lung perfusion. 

Complement activation occurred in our orthotopic double lung transplant 
model following the institution of cardiopulmonary bypass and as a result of nat- 
ural antibody deposition on the large vessels, leading to the recruitment and 
local deposition of complement proteins. Activation of the complement pathway 
causes the formation of anaphylatoxins C3A and C5a, which can induce leukocyte 
aggregation and activation [9, 10]. Activated neutrophils can adhere to and 
migrate across endothelial cell surfaces, causing local lung injury by the release 
of free radicals, peroxidase, and proteolytic enzymes, resulting in noncardiogenic 
pulmonary edema [11]. In this regard, intravenous infusion of complement-acti- 
vated plasma has been shown to cause pulmonary vascular sequestration of neu- 
trophils, increased PVR, and interstitial pulmonary edema in large animals [10]. 
The physiologic response by arteriolar endothelium to this damage is to vasocon- 
strict, thus preventing further damage from occurring to the pulmonary par- 
enchyma. This response may explain the lack of immunoglobulin and comple- 
ment deposition detected in the distal microvasculature of the pig lung in our 
orthotopic lung transplant model. 

The most potent vasoconstricting polypeptide identified to date is endothelin- 
1 (ET-i) [12]. Endothelins have been identified in large concentrations in pulmon- 
ary tissues, where they are primarily located in vascular endothelial cells as well 
as in epithelial cells in the trachea and bronchus [13]. Vascular endothelial cells 
are induced to produce ET-i following activation of cell surface receptors by phy- 
siologic stimuli such as binding of complement [13]. Another source of ET-i are 
activated neutrophils, which can convert the precursor of ET-i to its activated 
form by proteolytic cleavage [12]. Endothelins have also been shown to induce 
the release of eicosanoids such as thromboxane A^ [12], which has been reported 
to be an important hemodynamic mediator of renal allograft rejection [14]. Sus- 
pensions of activated mononuclear cells isolated from rejecting lung allotrans- 
plants in dogs have been shown to cause vasoconstriction of pulmonary arteries, 
and these effects were mediated in part by endothelins and prostanoids [15]. 
Finally, it is possible that the release of ET-i or other vasoactive mediators 
may also be directly induced by the binding of IgM natural antibody to endothe- 
lial cells. In this regard, IgM anti-endothelial cell antibodies in humans with sys- 
temic lupus erythematosus have been reported to induce ET-i release from 
endothelial cells [16]. We are currently evaluating ET-i expression in pig lung 
xenografts rejected by baboons. 

Various physiologic responses unrelated to immunologic mechanisms may 
have also contributed, in part, to the increased PVR following xenograft reperfu- 
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sion. The “reimplantation” response is a unique complication of lung transplan- 
tation manifest by pulmonary edema, reduced lung compliance, increased pul- 
monary vascular resistance, and impaired gas exchange [17]. This is thought to 
be due primarily to ischemic reperfusion injury, but other factors, including sur- 
gical trauma, lymphatic interruption, and denervation, may also play a role. 
Alterations in pulmonary arterial reactivity resulting from denervation have 
also been reported following lung allotransplantation in animal studies [18]. 

In summary, our findings suggest that lung xenografts transplanted across dis- 
parate species barriers in primates may not undergo classic antibody- mediated 
hyperacute rejection targeted against microvascular endothelial cells. Instead, 
the rejection response in this model appears to be initiated by humoral mechan- 
isms directed against xenoantigens on more proximal levels of the graft vascula- 
ture, resulting in endothelial damage, arteriolar vasoconstriction, and severe ele- 
vations in PVR. Investigations are currently ongoing to further delineate the 
nature of this vascular injury. 



Pulmonary Xenotransplantation - Future Prospects 

Pulmonary xenotransplantation primarily remains an experimental procedure. 
The field will benefit from lessons learned in the discordant xenotransplantation 
of other solid organ grafts. At present, major areas of consideration for future 
investigation exist. First, the roles of natural antibody and complement in med- 
iating rejection of discordant lung xenografts must be more clearly defined and 
strategies to inhibit these responses, such as through the production of trans- 
genic organs expressing human complement-inhibitory proteins, need to be 
developed in order to prolong xenograft survival. Additionally, future inquiries 
must also address in detail host cellular immune responses directed against 
the lung xenograft. These investigations are likely to lead to a more complete 
understanding of the mechanisms of lung xenograft rejection and to the develop- 
ment of strategies for modifying these responses which could eventually be 
applied to humans. 
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Introduction 

Lung and heart-lung transplantation are now established as therapeutic interven- 
tions for many terminal conditions affecting the pulmonary system. Unfortu- 
nately, the growth in supply of donor lungs has lagged behind demand. Paradoxi- 
cally, our increasing clinical success exacerbates the donor organ shortage by 
broadening indications for transplantation and increasing referrals of appropriate 
patients at an earlier stage in their disease. As a consequence, appropriate organs 
are often not available in time, and many of those accepted for transplant die 
waiting. One third of cystic fibrosis patients (181 of 544) listed between 1990 
and 1994 died before transplantation; similar mortality occurs for patients 
with other underlying pathology [1]. The most acute need is among patients 
with congenital heart disease and those with cystic fibrosis, for both of whom 
a heart-lung bloc or double lung graft represents their best or only viable option, 
and patients with idiopathic pulmonary fibrosis, whose unpredictable, often 
fulminant course frequently results in mortality shortly after listing. Patients 
with these and other end-stage pulmonary disorders might benefit if xenogeneic 
lungs were available. 

In choosing a xenogeneic lung donor for human recipients, one would intui- 
tively choose a species phylogenetically closely related to man. But while relative 
physiologic, biochemical, and immunologic similarity might favor concordant 
primates, there are important ethical, infectious, and logistical factors mitigating 
against this option. The transplant community has therefore focused its investi- 
gative efforts on an improved understanding of the processes contributing to 
hyperacute rejection (HAR), in order to devise strategies which might allow 
eventual clinical application of discordant xenografts. 



Concordant Lung Xenotransplantation 

We are aware of only three studies describing lung xenografting between concor- 
dant species. Veith et al. performed fox-to-dog orthotopic lung xenografts with- 
out immunosuppression [2]. Xenografts exhibited radiographic, physiologic, and 
histologic patterns of rejection similar to those observed with dog allografts. 
Onset of rejection occurred within 3 days and progressed to complete graft necro- 
sis by 6-12 days. In a subset of animals the contralateral pulmonary artery was 
ligated shortly after completing the lung implant in order to render the recipient 
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entirely dependent upon the graft. Four of i6 animals succumbed intraoperatively 
due to high pulmonary vascular resistance. The remaining animals lived between 
1 and 5 days. Despite only mild-to-moderate rejection on light microscopy, all 
lungs exhibited moderate to extensive parenchymal edema, and the recipients 
died of respiratory failure. The authors report no evidence of HAR on histologi- 
cal examination, but immunohistologic studies of antibody binding and comple- 
ment activation were not done. 

Takeda et al. performed 15 left single lung transplants from Macaque monkeys 
to baboons using FK506 and splenectomy [3]. Without immunosuppression, 
grafts were rejected by 4 days. Cellular infiltrates observed at 4 days in treated 
animals stabilized or resolved with methotrexate, yielding a median survival of 
12 days. However, the contralateral pulmonary artery was not occluded; thus 
the capacity of the xenograft to support the recipient was not assessed. 

Using cyclosporine and steroid-based immunosuppression, 12 of 15 baboons 
receiving cynomolgus monkey heart-lung transplants by Sadeghi et al. survived 
for 3-90 days [4]. Addition of total lymphoid irradiation (6 Gy) with antithymo- 
cyte globulin doubled mean survival time for operative survivors, from 8 to 
16 days, but was associated with important infectious morbidity. 

These experiences indicate that concordant lung xenografts are capable of pro- 
viding total pulmonary support acutely. The etiology of the elevated vascular 
resistance and immediate lung dysfunction in Veith’s study [2], which together 
accounted for early failure in 44% of cases, is not clear; a similar phenomenon 
was observed in 20% of Sadeghi’s experiments [4]. It is possible that concordant 
lung xenografts are particularly susceptible to intravascular thrombosis, inflam- 
mation, or other ischemia/reperfusion phenomena. That intensive conventional 
immunosuppression can permit clinically meaningful graft function is evident 
from the work of both Takeda et al. and Sadeghi et al., but it was accompanied 
by evidence of significant toxicity. Extrapolation from a variety of other concor- 
dant xenograft models implicates both B and T cell-mediated immune processes 
in what appears to be an accelerated acute rejection response in control animals 
[5]. Whether an immunosuppressive regimen for concordant lung xenografting 
can be developed which has a reasonable therapeutic index is unknown. The 
potential clinical impact of these moderately encouraging experimental results 
is limited by the absence of a readily available concordant donor species for 
human recipients. 



Discordant Lung Xenotransplantation 

Lack of a biocompatible blood oxygenator for use in conjunction with extra- 
corporeal circulatory support spurred early experiments in which animal lungs 
were perfused with human blood. Campbell et al. used dog lungs as an oxy- 
genator for seven patients; high pulmonary vascular resistance (PVR) limited 
flow to 4-800 ml/min over the 15- to 49-min duration of extracorporeal perfusion 
[6]. Lung injury was apparent, developing more rapidly when high pulmonary 
artery perfusion pressures were required. 
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Waldhausen et al. perfused human blood through dog lungs in an ex vivo 
experimental model [7]. When the calcium chelator ACD was used as an anti- 
coagulant, transpulmonary blood flows of 7-1500 ml/min were observed; impor- 
tantly, calcium is critical to activation of complement. When heparin was used, a 
high PVR limited flow to 200 ml/min. Pulmonary edema usually occurred within 
10 min with either anticoagulant. 

Together, these studies demonstrate that duration of function of the dog lung 
in a human blood environment is brief and compares unfavorably with function 
of an allograft. While the mechanisms contributing to acute lung xenograft 
injury were not rigorously evaluated by these investigators, their findings are 
consistent with the hypothesis that both complement-dependent and comple- 
ment-independent processes may contribute. 

Bryant et al. perfused pig lungs with human blood using an ex vivo perfusion 
system [8]. Initial flow rates were typically less than 300 ml/min (10% of normal 
human transpulmonary blood flow), attributable to a rapid rise in PVR. PVR ele- 
vation was the most important factor limiting oxygen transfer. Intrap arenchymal 
hemorrhage and pulmonary edema uniformly evolved within 3h (and often 
within one hour) despite a variety of interventions which blunted vasoconstric- 
tion. The pulmonary vasodilator isoproterenol decreased PVR and was associated 
with a modest delay in lung injury relative to other vasodilators (cyproheptadine, 
methysergide, and promethazine). Thus rapid elevation of PVR and subsequent 
parenchymal damage usually occur promptly when pig lungs are perfused with 
human blood. Indeed, rapid elevation of PVR and acute lung injury have been 
observed in every experimental model of lung xenotransplantation between spe- 
cies known to be discordant for other organs [9-17]. 

Whether the pig lung is privileged with respect to HAR by primates is the 
focus of ongoing controversy. Recently, Kaplon et al. reported short-term (1- 
3 day) survival of single pig lungs orthotopically transplanted into baboons 
[18]. Relative blood flow measured in the main pulmonary artery and in the 
transplanted lung’s pulmonary artery indicated that PVR elevation did not pro- 
hibit perfusion of the transplant, with 10 %-40 % of the cardiac output perfusing 
the xenograft. Blood gas measurements from the pulmonary vein of the trans- 
plant had a high PO2, consistent with efficient gas transfer in the xenograft. How- 
ever, the orthotopic single lung grafts were unable to support the recipient when 
the contralateral native pulmonary artery was transiently occluded; very high 
PVR in the graft resulted in right heart failure and circulatory collapse. 

Two subsequent double-lung recipients could not be weaned from bypass due 
to right heart failure [19]. A modest decline in anti-pig endothelial antibody, 
coupled with patchy deposition of IgM and complement pathway components 
(relative to that seen in hyperacutely rejected pig hearts) were interpreted as con- 
sistent with an absence of activation of the classical mediators of HAR. However, 
these histologic findings rriight also be explained by hypoperfusion of some pul- 
monary capillary beds due to intravascular thrombosis or vasoconstriction. Anti- 
endothelial antibody levels did decline, implying some sequestration in the trans- 
planted lung. High pulmonary venous PO2 and pulmonary artery flow probe 
measurements did not predict the capacity of unilateral or bilateral grafts to sup- 
port the recipient, suggesting that these parameters are insensitive to hemodyna- 
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mically important phenomena, and that single lung transplantation without con- 
tralateral pulmonary artery occlusion may not be an appropriate model for 
detecting clinically relevant lung dysfunction. 

The pig lung is rapidly damaged by human blood when perfused ex vivo using 
a working heart-lung model [i6]. The injury is characterized by a profound rise 
in PVR within 5 min despite high-dose vasodilator therapy (with the prostacyclin 
analogue Prostin VR). Oxygen transport function is lost within 30 min with rare 
exceptions, in association with massive intraparenchymal hemorrhage and pul- 
monary edema. Immunohistochemical staining clearly demonstrates immunoglo- 
bulin deposition (IgM>IgG) as well as deposition of complement components 
from both classical and alternative pathways [20]. Prevention of antibody binding 
and complement activation (by antibody absorption combined with heat treat- 
ment) results in significantly prolonged graft function (>4h), similar to that 
seen with heterologous pig blood perfusion [17]. While this model has a number 
of important drawbacks (anticoagulation, exposure of blood to artificial sur- 
faces), these findings suggest that the pig lung, like other pig organs, is suscep- 
tible to HAR by antibody- and complement-mediated processes. Further, while 
the experimental design and the specific interventions employed may also influ- 
ence other pathways important to acute lung injury, they suggest that antibody 
binding and complement activation contribute to both the vasoconstrictive and 
cytotoxic facets of pulmonary damage in this species combination. 

In our estimation, Kaplon’s physiologic and histologic observations are in 
large measure consistent with our own; elevated PVR occurs with single or bilat- 
eral lung grafts, and, although perhaps less prominent than in hearts, antibody 
and complement deposition are clearly present [18]. We believe that, in aggregate, 
the available data support the conclusion that primate anti-pig antibody and 
complement trigger injury to the lung, including a rapid rise in PVR and subse- 
quent capillary leak. If complement-mediated HAR of the lung does not occur in 
the pig-to-primate combination, and pig lung is privileged with regard to HAR in 
baboons, this exceptional finding apparently does not obtain for the pig-to- 
human combination. A central role for complement has been shown conclusively 
for the hyperacute (minutes to hours) dysfunction of vascularized organs trans- 
planted between discordant species; its importance has been confirmed for the 
pig-to-primate combination [21, 22]. Prevention of complement activation alone 
permits prolonged survival of heart grafts for days [21-24], and survival is 
extended to weeks if additional immunosuppression is used [23, 24]. The impor- 
tance of complement in the HAR of the pig lung is demonstrated by our ex vivo 
heart-lung experiments, reviewed above. However, these heart-lung experiments 
used blood stored overnight at 4°C and were consequently depleted of formed 
blood elements. In addition, high-dose prostacyclin analog, which has potent 
vasodilatory, cytoprotective, and anti-inflammatory effects, was used to blunt 
the rise in PVR. With antibody depletion and heat treatment of fresh blood, 
without prostacyclin, only occasional survivals over 30 min are obtained (unpub- 
lished data). This result suggests that complement-independent processes also 
contribute to the dysfunction observed. If so, inhibition of complement activa- 
tion may prove insufficient to achieve clinically important function of discordant 
pulmonary xenografts. 
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Two groups have recently achieved significant prolongation of pig heart survi- 
val in primates using hearts from pigs transgenic for human complement regu- 
latory proteins [24, 25]. Parallel experiments used lungs from animals transgenic 
for human decay-accelerating factor (hDAF), testing for protection from HAR by 
ex vivo perfusion with fresh human blood [26] (Figs. 1, 2). Despite high-dose 
prostacyclin, none of these transgenic lungs was protected from evolution of 
high PVR. Only two of nine lungs expressed levels of hDAF on the pulmonary 
endothelium comparable to those seen in man; in one of these two cases the 
rise in PVR resolved spontaneously, and graft function (as measured by oxygen 
transport) persisted for 90 mm (versus <20 min for controls and other trans- 
genics with low endothelial hDAF expression). 

Norin et al. observed that pig lung transgenic for CD59 did not exhibit the 
extensive inflammatory infiltrates and hemorrhage seen in CD59 lungs within 
one hour of revascularization in baboons; however injury was evident by 3 b, 



Fig.la-h. Expression of human 
decay- accelerating factor 
(hDAF) is assessed by immu- 
nohistochemical staining of 
preperfusion biopsies. Biop- 
sies obtained after 5 mm of 
perfusion with human blood 
were processed in formalin for 
routine histology (H&E) or 
frozen for immunohistochem- 
ical evaluation of antibody 
binding, complement compo- 
nent deposition, and P selec- 
tion expression [37]. Dark 
reaction product indicates 
primary antibody binding, 
visualized by avidin/biotin- 
mediated deposition (via sec- 
ondary antibodies) of peroxi- 
dase reaction product; nuclear 
counterstaining is with hemy- 
toxylin. a In a control (non- 
transgenic) pig lung, hDAF is 
absent, in contrast to b strong 
expression, particularly in 
arterioles but also in alveolar 
interstitium and on epithelial 
structures (not shown), in a 
heterozygous (-1-/-) high 
hDAF-expressing transgenic 
lung. Intra-alveolar hemor- 
rhage, perivascular and sube- 
pithelial edema, and intersti- 
tial congestion are reduced in 
d transgenic compared to c 
control biopsies performed 
after 5 min. e,f IgM binding is 
not affected by hDAF expres- 
sion, but g,h P selectin 
expression on arterioles is less 
prominent 
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Fig.2a-h. Biopsies obtained 
after 5 mm of perfusion of 
pig lung with human blood, 
frozen, and processed as in 
Fig. 1. Alternative pathway 
complement (Properdin) 
deposition is markedly 
reduced in b transgenic com- 
pared to a nontransgenic lung. 
c,d The classical pathway is 
less completely blocked, as 
indicated by strong binding of 
C4 on arteriolar epithelium; 
d alveolar interstitial deposi- 
tion is less prominent in the 
transgenic lung. Csb (common 
pathway) and C9 (membrane 
attack complex) are both sig- 
nificantly reduced on arter- 
ioles and in the interstitium of 
f,h transgenic lung compared 
to e,g nontransgenic lung 
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Fig. 2 (continued) 




h 



and the grafts were rejected within 12 h [27]. Whether the transgenic lung could 
have supported the recipient was not tested. Davis et al. found substantial prolon- 
gation of graft function in lungs expressing hDAF and CD59 at levels approxi- 
mately 20% of those found in human lung [28]. When transplanted to baboons 
which had previously rejected a pig heart, one of four transgenic single lungs 
was able to support the recipient’s circulation; in three others elevated PVR lim- 
ited flow to 50oml/min despite aggressive vasodilator therapy, and occlusion of 
the contralateral native pulmonary artery was poorly tolerated. Parenchymal 
injury was delayed, but did evolve over 12-72 h. 

These preliminary experiences suggest that high levels of expression of one or 
more human complment regulatory proteins may contribute to prolongation of 
survival of discordant lung xenografts, but that higher expression levels than 
those achieved to date and control of other cellular and humoral mechanisms 
may be crucial to eventual clinical success. 

We have attempted to further define the role of factors other than complement 
in discordant lung transplant dysfunction using a traditional model, namely 
depletion of recipient complement with cobra venom factor (CVF) [29]. CVF 





Experimental Lung Xenografting 



473 



acts as a C3 convertase, consuming C3 and thus depleting the complement com- 
ponent common to both the classical and alternative pathways (Chap. 32). Pig 
lungs were perfused with human blood depleted of complement by pretreatment 
of plasma with CVR Neither elevation of PVR nor capillary leak was prevented 

[29] . Even when antibody absorption was added to CVF treatment, hyperacute 
lung injury and vasoconstriction occurred (unpublished data). This result 
might be taken as evidence for complement-independent mechanisms governing 
HAR of the lung. However, while CVF depletes C3, in the process it generates 
high levels of the neutrophil attractant and anaphylatoxin C3a; in other models, 
CVF causes neutrophil-mediated, P selectin-dependent pulmonary capillary leak 

[30] . When Davis et al. administered CVF on the day of a pig-to-baboon single 
lung transplant, profound vasoconstriction and rapid lung injury occurred [28]. 
When animals were instead treated for the 2 days prior to transplant, PVR 
elevation prohibited contralateral pulmonary artery occlusion, and progressive 
lung injury occurred within 4 b. 

We suspect that C3a is at least in part responsible for the vasoconstriction and 
pulmonary injury observed in these experiments, thus simulating inflammatory 
facets of complement-mediated HAR, and obscuring the role of complement- 
independent mechanisms to discordant lung xenograft dysfunction. 

Several lines of evidence suggest that the lung may be particularly vulnerable 
to injury by mechanisms independent of anti-species antibody and complement. 
The lung appears to be more sensitive than the heart or other organs to a variety 
of systemic insults, as manifested by the pulmonary capillary leak and acute 
respiratory distress syndromes (ARDS) which sporadically occur during sepsis 
and shock or following cardiopulmonary bypass. These insults have in common 
not only complement activation but the activation and intrapulmonary sequestra- 
tion of neutrophils, platelets and macrophages. Neutrophil depletion, adhesion 
molecule blockade, and anti-tumor necrosis factor (anti-TNF) antibody each 
has a salutary effect on lung injury in these nontransplant models, suggesting 
that cytokines and formed blood elements may contribute to pulmonary dysfunc- 
tion by mechanisms perhaps distinct from (but not necessarily independent of) 
those mediating classic complement-driven HAR [30-34]. In our estimation, it 
is unlikely that a xenogeneic lung would be privileged with regard to such 
processes, which one might expect to be triggered by surgical manipulations 
inherent in clinical and experimental lung xenotransplantation. 

Formed blood elements may contribute to the pace of hyperacute discordant 
xenogeneic lung injury. In two HAR models, the anti-inflammatory agent methyl- 
prednisolone, which among its actions inhibits neutrophil binding and degranu- 
lation, attenuates the pace of hyperacute pulmonary injury [13, 15]. Neutrophils 
and platelets are rapidly sequestered in pig lungs perfused by fresh or stored 
human blood, accompanied by evidence of free radical-mediated membrane 
lipid injury (unpublished data). 

Bryant et al. found that human blood retrieved from the cardiopulmonary 
bypass machine and stored for 48-96 h gave better results than fresh blood, sug- 
gesting that formed blood elements, which are depleted and defunctionalized by 
storage, contribute to the pace of the rejection response. However, unlike hearts 
perfused ex vivo [35], no prolongation of lung function is conferred by depletion 
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of formed blood elements by Pall filtration (unpublished observations), confirm- 
ing Bryant’s similar findings using glass or Dacron wool filters to remove formed 
blood elements from the perfusate. Thus formed blood elements by themselves 
are not necessary for acute xenograft lung dysfunction to occur, although they 
may be sufficient to damage the graft under some circumstances (e.g., after 
CVF treatment). 

In light of these observations and the results obtained with transgenic lungs 
expressing human complement regulatory proteins, it is likely that comple- 
ment-independent mechanisms, driven either by xenospecific antibody or by 
other effectors of the immune response such as neutrophils and platelets, may 
render protection of the lung incomplete even with effective control of comple- 
ment activation. Prevention of both neutrophil-mediated inflammation and plate- 
let and macrophage activation may thus prove important adjuncts to complement 
regulation for clinical lung xenografting. 

Although the pathogenesis of elevated PVR in lung xenografts remains uncer- 
tain, one important specific mediator has been identified. Thromboxane con- 
tributes to elevated PVR associated with infusion of mismatched heterologous 
blood or human blood in sheep [lo]. Similarly, our work identifies thromboxane 
as the central mediator of pulmonary vasoconstriction, and a contributor to 
complement activation and capillary leak, in pig lungs perfused with human 
blood [36]. Addition of antibody absorption (without heat treatment) to throm- 
boxane blockade yields impressive protection of lung function, beyond 4 h in one 
preliminary experiment. Platelets and pulmonary interstitial macrophages are 
two known sources of thromboxane. We postulate that activation of one or 
both cell populations triggers thromboxane production; whether this occurs con- 
sequent to or independent of complement activation is an unresolved question of 
major importance to programs hoping to use transgenic lungs for clinical discor- 
dant lung xenotransplantation. 



Comment 

Concordant pulmonary xenografting is unlikely to be clinically important for a 
variety of ethical, infectious disease, and logistical reasons. Discordant lung 
xenotransplantation is currently prevented by acute lung injury, which we believe 
represents HAR. Prevention of complement activation is likely to result in 
improved survival, but whether the protection afforded by expression of 
human complement regulatory proteins will prove sufficient for clinical applica- 
tion is unknown. Vasodilators, steroids, and thromboxane antagonists confer only 
modest protection, but offer important clues as to mechanisms underlying the 
acute vasoconstriction and subsequent capillary leak. It is possible that comple- 
ment-independent mechanisms, driven either by xenospecific antibody or by 
other effectors of the immune response such as neutrophils and platelets, will 
render protection of the lung by complement-directed strategies incomplete. 
Thus, pig-to-human lung transplantation may prove more difficult than the 
heart or kidney due to susceptibility of the lung to non-xenospecific or comple- 
ment-independent insults. 
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Resolution of the relative importance of complement- dependent and comple- 
ment-independent mechanisms to dysfunction of discordant lung xenografts 
awaits results of experiments using pharmacologic blockade of complement acti- 
vation, or study of pigs with higher pulmonary endothelial expression of human 
complement regulatory proteins. Notwithstanding the discouraging experimental 
results to date, donor modifications to prevent complement injury, coupled with 
anticipated advances in our understanding of HAR of the lung, may facilitate 
clinical application in the foreseeable future. 
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Introduction 

Cardiac transplantation is currently the best therapeutic option available to 
patients with end-stage heart disease. However, the supply of human donor 
hearts remains inadequate to meet the ever-increasing demand. Approximately 
17000 people per year under the age of 55 could benefit from cardiac allotrans- 
plantation in the United States alone. Unfortunately, no more than 2200 donor 
hearts per year are currently available [1]. As a result of this shortage, 30% of 
adult patients awaiting cardiac transplantation die before a donor is found [2]. 
The need for grafts is particularly desperate among newborn infants with conge- 
nital malformations, for whom the wait for an available organ results in death 
even more frequently than in adults. 

The severe shortage of organs has led to intensive efforts to develop alternative 
strategies for organ replacement. “Bridge” therapy with mechanical left ventricu- 
lar assist devices has recently witnessed relative success in carefully selected 
adult patients with left ventricular failure [3]. However, use of these devices is 
not possible for patients with severe biventricular failure or for those patients 
with a total body surface area of less than 1.5 m^ (due to the large size of such 
devices). Thus virtually all children, and many adults, are not candidates for 
mechanical left ventricular assistance. Another approach which obviates these 
limitations is the use of xenografts. 

The preferred source of the xenograft would be a concordant species, such as 
a nonhuman primate. In concordant xenotransplantation, humans' do not have 
preformed anti-donor cytotoxic antibodies and the graft is not at risk of hyper- 
acute rejection. Widespread use of nonhuman primates, however, is not feasible. 
The use of chimpanzees is limited by ethical concerns, and the use of baboons is 
limited by their small size and by their potential for epizootic disease transmis- 
sion. For these reasons, much interest has focused recently on the use of discor- 
dant xenografts, such as those from pig donors. Pigs represent a reasonable alter- 
native donor source based on their similar physiology and size to humans. 
Moreover, they can be easily bred in large numbers and appear to be relatively 
free of pathogens capable of causing infection in the human recipient. 

However, in common with other discordant donor-recipient pairs, pig xeno- 
grafts transplanted into primates undergo hyperacute rejection within minutes 
to hours. The histological hallmarks of this process are rapid thrombotic occlu- 
sion of the graft vasculature, platelet aggregation, and infiltration with polymor- 
phonuclear leukocytes. High levels of preformed natural xenoreactive antibodies 
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of IgM isotype are present in all adult primates and appear to be primarily 
responsible for initiating this process [4]. Immediately following perfusion of a 
pig xenograft implanted into a primate, binding of xenoreactive IgM antibodies 
to endothelial cells of the xenograft activates complement, leading to endothelial 
cell activation, followed by cell injury, thrombosis, and ischemia of the graft [5]. 
Endothelial cell activation leads to the development of a procoagulant state due 
to loss of thrombomodulin and heparan sulfate/antithrombin III, thus initiating 
the extrinsic pathway of coagulation, and increased production of plasminogen 
activator inhibitor, an inhibitor of fibrinolysis. Together, these conditions lead 
to fibrin clot formation, platelet activation, and vascular thrombosis. Addition- 
ally, activated endothelial cells have increased expression of surface adhesion 
molecules which enhance the ability of inflammatory cells, such as macrophages 
and neutrophils, to migrate into the xenograft, further amplifying the inflamma- 
tory response. 



Humoral Immunity In Discordant Xenotransplantation 

The major antigenic determinant on pig endothelium recognized by primate 
xenoreactive antibodies is the oligosaccharide residue, galactose ai-3 galactose 
(aGali-3Gal; aGal). This residue is incorporated in many structures expressed 
by the endothelium of species that are widely disparate from humans. Evidence 
that naturally occurring xenoantibodies are directed against aGal are derived 
from experiments demonstrating prolongation of xenograft survival following 
depletion of circulating anti-aGal antibodies, infusion of aGal oligosaccharides, 
or cleavage of aGal residues from pig endothelium [6-8]. Expression of the 
aGal residue on proteins and lipids depends on the presence of a functional 
galactosyltransferase gene, encoding a glycosidation enzyme. The phylogeneti- 
cally related group of primates, which includes humans, apes, and Old World 
monkeys (the platyrrhines), contains an inactivated ai,3-galactosyltransferase 
gene [9, 10]. This presumably explains the lack of expression of aGal, as well 
as the presence of antibodies directed against this epitope, in human adults. In 
contrast, all other mammalian species contain an intact ai,3-galactosyltransferase 
gene, and aGal is expressed on their endothelium. 



Newborn Pig-to-Baboon Discordant Xenotransplantation: 

A Model of Natural Antibody Depletion 

Since anti-aGal antibodies are hypothesized to develop in humans early in life 
after exposure to gut microorganisms expressing the aGal epitope, we addressed 
the possibility that there may be a “window” period during which newborn pri- 
mates may not yet have developed cytotoxic IgM anti-aGal antibodies. We rea- 
soned that transplacental transfer from the maternal circulation could lead to 
detectable levels of anti-aGal IgG antibodies, but not of IgM antibodies, which 
are too large to cross into the fetal circulation. Sera were collected from infant 
baboons, and pooled adult baboon sera were used as controls. A whole cell 
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Fig. 1. Binding of baboon natural IgM xenoantibody to cultured pig aortic endothelial cells, mea- 
sured by enzyme-linked immunosorbent assay (ELISA). Triangles^ adult; squares, newborn 



enzyme-linked immunosorbent assay (ELISA) was performed to determine the 
binding of xenoantibodies to pig aortic endothelial cells and lymphocytes. We 
found that sera from newborn baboons younger than /weeks contained mini- 
mally detectable levels of natural IgM xenoantibodies to either cultured pig aortic 
endothelial cells or lymphocytes [ii] (Fig. i). Pooled adult baboon sera demon- 
strated high binding levels of natural IgM xenoantibodies to both cell cultures. 
In contrast to IgM, newborn baboon sera were found to contain IgG antibodies 
with activity against pig aortic endothelial cells and pig lymphocytes, but at less 
than 50 % of the binding levels detected in adult baboons (Fig. 2 ). Adult baboon 




Fig. 2. Binding of baboon natural IgG xenoantibody to cultured pig aortic endothelial cells, mea- 
sured by enzyme-linked immunosorbent assay (ELISA) 
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sera demonstrated high levels of cytotoxicity to pig endothelial cells, as measured 
by an MTT (3-(4,5-dimethyl-thiazoyl-2-y) 2,5 diphenyl-tetrazolium bromide) 
assay. Newborn baboon sera had very low levels of cytotoxicity, confirming 
IgM to be the primary xenoreactive antibody for hyperacute rejection. These 
results were subsequently confirmed, and extended, in an ELISA using bovine 
serum albumin (BSA) -conjugated aGal residues as specific antigenic targets. 

These studies suggested that discordant pig-to-primate xenotransplantation 
might be feasible in the newborn primate, since the newborn could be viewed 
as being a natural model of cytotoxic IgM antibody depletion. On the basis of 
these observations, we performed seven successful procedures of heterotopic cer- 
vical cardiac xenotransplantation from newborn pigs to baboons [12, 13]. All 
xenografts survived beyond the “hyperacute period”, with a median survival 
time of 3.4 days (range, 0.7-6 days). Histologic examination of the explanted 
xenografts did not demonstrate typical findings of severe hyperacute rejection 
in any of the tissues studied; however, a mild-to-moderate degree of microscopic 
hemorrhage and thrombosis was observed in the longest- surviving grafts (Fig. 3). 
By immunofluorescence, there was only minimal evidence of IgM or IgG binding 
to pig endothelium, and similarly of complement components, C3, C4, Csb, or 
membrane attack complex (MAC). These findings were more prominent in the 
longest- surviving grafts (4 and 6 days). 

Using both a whole pig endothelial cell ELISA and purified aGal conjugated to 
BSA, we observed in two of two newborn baboons that the anti-aGal IgG anti- 
body levels dropped significantly at the time of xenograft rejection, consistent 
with their binding to the xenoantigens on the pig graft. Moreover, in both ani- 




Fig.3. Histopathology of a heterotopic porcine graft that failed 4 days after xenotransplantation. 
There is a mild-to-moderate degree of hemorrhage and intravascular thrombosis 
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mals there was an induction of anti-aGal antibodies post-transplant, an IgM 
response which peaked by day 14, and an IgG response which progressively 
increased over time. These results confirm that the absence of preformed IgM 
antibodies in newborn primates allows them to accept a pig organ for periods 
well beyond those associated with hyperacute rejection. Unfortunately, the intro- 
duction of the heavy antigenic load of aGal present in the transplanted xenograft 
induces a “delayed” antibody response, which may subsequently contribute to the 
rejection process. 



Cellular Immunity in Discordant Xenotransplantation 

In addition to humoral immunity, discordant xenografts induce prominent cellu- 
lar responses in recipients. A number of studies have addressed the role of T cell 
immunity in discordant xenograft rejection. In widely disparate species combina- 
tions, such as mouse-to-human, direct recognition of xenoantigens appears to be 
diminished in comparison to alloantigens [14]. This perhaps reflects structural 
incompatibilities between human CD4 molecules, T cell receptors, adhesion mole- 
cules, and their respective ligands on mouse endothelium. In contrast, pig 
endothelium induces vigorous direct proliferative T cell responses in humans 
[15-17]. This appears to involve recognition of swine leukocyte antigen (SLA) 
class II molecules and to involve binding of human CD4 T cells to pig endothe- 
lium via lympocyte function-associated antigen (LFA)-i and CD2. 

In addition to direct stimulation, pig xenoantigens activate human T cells by 
the indirect recognition pathway. To examine the relative contribution of indirect 
xenoantigen recognition, we performed various experiments designed to study 
the interactions between recipient macrophages and CD4 T cells [18]. In these 
studies, we observed high levels of T cell proliferation and IL-2 production fol- 
lowing exposure of human mononuclear cells to porcine endothelium, and in- 
hibition of these proliferative responses by 25 %-75 % in the presence of Mono- 
clonal antibodies directed against either human HLA-DR or CD4. These results 
suggest that the indirect pathway of antigen recognition might play a more prom- 
inent role in xenotransplantation than in allotransplantation. We and others have 
demonstrated reactivity of human natural killer (NK) cells to porcine endothe- 
lium by mechanisms that are both dependent and independent of antibody- 
dependent cellular cytotoxicity (ADCC) [19, 20]. We investigated whether macro- 
phage-derived cytokines had an effect on human NK cell lysis of pig endothe- 
lium. Pretreatment of pig endothelium with IL-i-alpha or tumor necrosis factor 
(TNF)-alpha was associated with decreased endothelial cell lysis by human NK 
cells. The mechanism of this endothelial cell protection from lysis is currently 
being investigated in our laboratory. Together, these studies emphasize the cen- 
tral role of macrophage activation on both the afferent and efferent arms of 
the human cellular immune response against pig xenoantigens. 
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Cellular Elements Involved in the Rejection of Newborn Pig-to-Baboon Cardiac 
Xenografts 

In guinea pig-to-rat cardiac xenotransplantation, treatment of recipients with 
cobra venom factor to deplete serum complement prevented hyperacute rejection 
and prolonged xenograft survival [21]. However, a delayed form of xenograft 
rejection occurred, which was accompanied by tissue infiltration with macro- 
phages and NK cells. Since the in vitro primate response to pig xenoantigens 
appears to depend in great part on macrophage activation, we studied pig hearts 
rejected by newborn baboons to determine whether a cellular immune response 
resembling that observed in lower species might also occur in rejection of discor- 
dant xenografts in primates [13]. Histologic examination of four pig hearts 
demonstrated dense mononuclear infiltrates extending from the subepicardial 
regions into the myocardium (Fig. 4). Immunophenotypic analysis revealed the 
mononuclear cell infiltrate to consist primarily of 40%-45% macrophages 
(CD68 '"CDi 4‘"DR'') and 30%-35% NK cells (CDi6'"). In addition, i5%-20% of 
the cells were B cells (CD2o"^), while less than 10 % were €03“^ T cells. These 
in vivo studies suggest that the delayed rejection of newborn pig-to-baboon car- 
diac xenografts occurs in large part due to cellular immune mechanisms invol- 
ving macrophages and NK cells. Moreover, it is likely that the preexisting and 
induced anti-aGal IgG response in the recipients amplified the cellular reactivity 
by binding to Fc receptors on the effector cells. 




Fig. 4. Histopathology of subepicardial region of a heterotopic porcine graft that failed 4 days after 
xenotransplantation, demonstrating a dense mononuclear cell infiltrate. Note that there is only a 
scattering of polymorphonuclear neutrophils 
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Strategies To Prevent Xenograft Rejection in Newborn Primate 
Recipients 



Modification of Xenograft Endothelium 

A great deal of effort has been devoted recently to genetically modifying pig 
organs such that endothelial cells express membrane-bound human complement 
regulatory proteins which protect native cells from damage by endogenous 
human complement. Three of these regulatory proteins - decay accelerating fac- 
tor (DAF; CD55), homologous restriction factor (HRF; CD59), and membrane 
cofactor protein (MCP; CD46) - have been expressed in transgenic pigs or 
mice and appear promising in conferring protection against complement- 
mediated hyperacute rejection of the xenograft [22]. In several recent studies, 
pig organs expressing human CD59 or DAF were reported to be protected from 
complement-mediated injury in pig-to-primate heterotopic cardiac transplanta- 
tion. In untreated recipient monkeys, these organs survived for 5 days, and for 
up to 60 days when the recipients were immunosuppressed [23, 24]. Our goal 
is for the next group of newborn recipients to receive transgenic pig organs. 
However, transgenic organs expressing complement inhibiting proteins will not 
affect the induced production of anti-aGal IgG antibodies and their binding to 
pig endothelium. If these antibodies augment the primate anti-pig cellular 
response, for example by increasing tissue accumulation of macrophages and 
NK cells via Fc-CDi6 interactions, delayed xenograft rejection will proceed una- 
bated despite transgene expression. 

An alternative approach is to modify pig endothelium so that aGal epitopes 
are either not expressed, or are significantly reduced. Although aGal expression 
has been successfully eliminated in mice by genetically “knocking out” the 
enzyme necessary for its manufacture, the technology necessary to similarly 
manipulate higher mammals is not yet available [25]. Reduction in the number 
of aGal epitopes may be possible through alteration in its biochemical synthesis. 
Increased expression of fucosyltransferase in mice is associated with elevated 
competition for substrate with galactosyltransferase, ultimately leading to signif- 
icantly decreased levels of endothelial aGal expression [26]. However, it remains 
to be determined whether the low levels of xenoantigen expressed in such ani- 
mals can still induce IgG production. 

Suppression of Induced Humoral and Cellular Immune Responses Against the Xenograft 

Anti-B cell agents, such as azathioprine, cyclophosphamide, 15-deoxyspergualin, 
brequinar, leflunomide, and mycophenolate mofetil (MMF), have been used to 
suppress xenoreactve antibodies in experimental models of xenotransplantation. 
Each agent, in combination with steroids and the anti-T cell agents, cyclosporine 
or tacrolimus, has extended graft function in various rodent xenotransplantation 
models from days to weeks [27-32]. We treated one newborn baboon recipient 
with cyclosporine, cyclophosphamide, and corticosteroids prior to xenotrans- 
plantation. The xenograft in this animal survived approximately 6 days, a period 




Newborn Pig-to-Baboon Cardiac Xenotransplantation: A Model of Delayed Xenograft Rejection 



485 



over 50% greater than in untreated recipients. Of particular interest was the 
observation that post-transplant induced anti-aGal antibody levels were eightfold 
lower than in untreated recipients. These results are encouraging and suggest 
that use of these agents is rational. The particular form of cellular rejection 
which we have described in newborn pig-to-baboon cardiac transplantation 
appears to be unique to xenogeneic models of transplantation and will require 
treatment modalities that may differ from those currently used in allotransplan- 
tation. These modalities will likely specifically target macrophages and NK cells. 



Comment 

The severe shortage of human donor hearts, and the limited application of left 
heart mechanical assist devices (excluding smaller individuals and those with 
biventricular heart failure), underscore the need for investigative efforts directed 
toward the clinical application of cardiac xenotransplantation. To date, the major 
barrier to the use of discordant xenografts in primates has been hyperacute 
rejection. As a result of the recent success in experimental trials using pig organs 
transgenically modified to resist lysis by human complement, there is optimism 
that pig-to-human xenotransplantation may witness formal clinical trials in the 
next 3-5 years. These trials will likely be patterned after “bridge” trials of 
mechanical heart assistance and directed toward patients in imminent danger 
of death for whom a mechanical heart is not an option. 

However, our studies of pig cardiac xenotransplantation in newborn baboons, 
a model of natural antibody depletion, suggest that, before human trials can be 
contemplated, there are significant barriers of cellular immunity that must be 
additionally overcome. Of particular concern is a delayed form of rejection 
that appears to be unique to discordant donor-recipient pairs. This is mediated 
primarily by recipient macrophages and NK cells, and may be amplified by 
induced xenoreactive IgG antibodies. Future investigations will need to address 
the molecular interactions and activation pathways by which these cellular ele- 
ments initiate the rejection process, and the antigenic determinants against 
which the response is directed. Detailed understanding of these processes will 
enable the development of additional rational anti-rejection strategies, enabling 
xenotransplantation to become a clinical reality. 
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Introduction 

A major obstacle to successful xenotransplantation has been the lack of reliable 
therapeutic methods to inhibit the induction of antibody directed against deter- 
minants on macromolecules that differ between species (xenoantibodies, XNA). 
In this article we summarize our studies utilizing total lymphoid irradiation 
(TLI) for immunosuppression of xenograft rejection mediated by induced 
XNA. For purposes of clarity, we define the term “ induced XNA” as antibodies 
that are synthesized as a direct result of interspecies organ, tissue or cell trans- 
plantation. “Natural preformed XNA” are distinct from induced XNA in that the 
former are induced prior to transplantation by exposure to environmental immu- 
nogens that have reactive determinants in common with those of the xenograft. 
In our initial studies with TLI, we employed a concordant xenograft model rather 
than a discordant model to avoid the difficulty of evaluating an induced XNA 
response in the presence of preformed XNA [i]. 

Immunosuppression with fractionated-dose TLI has been utilized for several 
decades in experimental and clinical settings. Slavin et al. [2] first utilized TLI 
as pretransplant immunosuppressive therapy, in which long-term survival of 
murine skin allografts was observed after administration of allogeneic bone mar- 
row from the skin donor. It is presumed that successful skin allograft acceptance 
was due to the chimeric state of the hematopoetic compartment of the recipients 
since TLI without bone marrow from the skin donor strain was relatively ineffec- 
tive. Many investigators have subsequently examined the effect of TLI either 
alone or in combination with chemical immunosuppressants in experimental 
and clinical alio- and xeno-transplantation. Excellent results using TLI treatment 
have been obtained with low-total dose, wide-field irradiation as utilized in our 
studies. Myburgh and colleagues [3] (Chap. 22) have reported greater than i-year 
survival of kidney and liver allografts in baboons treated with TLI alone. Human 
kidney allograft survival in TLI and cyclosporin A (Cs A) -treated patients was 
80% at 5 years for all recipients whose panel reactive activity (PRA) was less 
than 30% [4]. Renal allograft survival was less than 30% at 5 years for patients 
with a PRA greater than 30%, suggesting the deleterious effect of preformed 
antibody. Ryanasiewcz et al. [5] observed a synergistic effect of TLI and low- 
dose CSA in a rabbit cardiac allograft model, and Knechtle et al. [6] observed 
a similiar effect in a rodent model. Pennock et al. [7], however, failed to detect 
such an effect in a primate xenograft model, perhaps due to over-immunosup- 
pression. 
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Synergism of TLI and pharmacologic agents in xenotransplantation is likely 
more apparent than in allotransplantation due to poor survival of the former 
type of grafts with conventional therapy (i.e., therapy that is not effective in sup- 
pressing antibody responses) [6, 8-io]. More recently, however, perioperative or 
postoperative TLI has been used successfully in the treatment of early resistant 
rejection or recurrent rejection in clinical heart allotransplantation [ii, 12] and 
in experimental heart-lung transplantation [13]. 



Concordant Xenotransplantation 

We studied four groups of baboons that received heterotopic cervical heart xeno- 
grafts from cynomolgous monkeys (Macaca fasicularis) [14, 15]. Group 1 was 
untreated, group 2 was treated with CsA and methylpredinsolone (MP), group 
3 received 8 Gy TLI (iGy twice a week for 4 weeks), and group 4 was treated 
with TLI, CsA, and MP. Mean survival of the concordant cardiac xenografts 
was 6, 25, 29, and 255 days, respectively, for groups 1-4. Hearts in group 4 sur- 
vived >77, >108, >142, 184, >480, and 540 days. Two of the latter recipients 
rejected their grafts, while the other four baboons expired with functioning 
grafts that had minimal evidence of rejection. Two of these four recipients 
died of sepsis, one died from a perforated duodenal ulcer, and the other died 
of unknown causes. Addition of the TLI treatment to CsA + MP immunosuppres- 
sion, therefore, had a synergistic effect in this preclinical concordant primate 
model. 

Immunohistochemical studies revealed alternate mechanisms of cardiac rejec- 
tion in CsA + MP-treated versus TLI-treated recipients (i.e., group 2 vs. group 3). 
In the CsA + MP-treated baboons microscopic evidence of humoral rejection was 
detected, including mixed cellular infiltrates, edema, hemorrage, thrombosis, and 
myocyte necrosis. Additionally, IgM and complement (C3 and C4) were detected 
on frozen sections of the monkey heart xenografts. In contrast, sections of car- 
diac tissue from TLI only-treated recipients (group 3) demonstrated evidence of 
cell-mediated rejection, i.e., infiltrates of mononuclear cells without hemorrage 
and thrombosis. IgM, C3, and C4 were not detected on cardiac tissue of TLI 
only-treated baboons. Further evidence of humoral cardiac rejection in CsA + 
MP-treated baboons was demonstrated by the detection of high levels of anti- 
monkey XNA (1 >1:256). TLI only-treated recipients had low levels of anti-monkey 
XNA (titer, <i:8). Recipients treated with TLI only or with TLI + CsA + MP that 
experienced rejection had high levels of intragraft cytolytic lymphocytes (20% 
and 40% cytotoxicity, respectively) at necroscopy providing additional evidence 
for a predominately cell-mediated rather than a humorally mediated mechanism 
of rejection. TLI + CsA + MP-treated recipients had no histologic evidence of 
rejection on biopsies obtained up to 100 days after transplantation and no evi- 
dence of anti-monkey XNA at that time. The two animals that rejected their mon- 
key xenografts at 184 and 540 days had evidence of cell-mediated rejection on 
microscopic examination of heart specimens, while the other recipients had little 
evidence of rejection at their deaths. 
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Previous studies of the mechanism of concordant xenograft rejection had been 
contradictory, some suggesting a cell-mediated mechanism ([13-15], while others 
suggesting that humoral mechanisms predominate [6]. Our studies and those of 
other investigators have clarified this matter. Firstly, rodent skin grafts are only 
susceptible to antibody-mediated rejection after vascularization, and therefore 
may be rejected by a cellular mechanism before induction of XNA [16, 17]. Sec- 
ondly, we demonstrated in a vascularized concordant primate model that anti- 
body-mediated rejection phenomena predominate in recipients that receive 
potent anti-T cell therapy but ineffective anti-B cell therapy [14, 15]. 

Prior to our studies [14, 15, 21] it had not been possible with standard phar- 
macologic immunosuppression to prolong concordant xenograft survival in pri- 
mates to a duration that would be useful in human organ transplantation. 
These reports suggested that the early destruction of concordant primate heart 
xenografts in recipients treated with pharmacologic agents only (e.g., CsA) is 
likely due to inability of this therapy to adequately suppress the high levels of 
XNA produced after transplantation. The addition of TLI to the chemical immu- 
nosuppressive regimen had a synergistic effect in that cardiac xenograft survival 
was, increased 20-fold compared with either treatment alone. The prolongation of 
xenograft survival was associated with significantly lower levels of serum XNA. 
The decreased level of serum XNA was not merely due to its adsorption by 
the transplanted organ, since monkey- specific antibodies could not be detected 
on cardiac tissue of TLI or TLI -H CsA -h MP-treated recipients. Furthermore, 
low serum XNA titers were not the result of the presence of noncomplement-fix- 
ing antimonkey antibodies as only low levels of serum IgM and IgG were 
detected in monkey lymphocyte-binding assays utilizing fluorescence-activated 
flow cytometry [14]. Finally, the TLI + CsA -H MP-treated recipients did not exhi- 
bit clinical signs of generalized B cell immunodeficiency and had normal Ig 
levels [15]. These latter findings are in agreement with previous studies showing 
relatively intact humoral immunity in transplant recipients given low cumulative 
doses of TLI (8 Gy) [22]. Animals and humans receiving higher cumulative doses 
(20-34 Gy) have exhibited reduced humoral immune responses [23, 24]. While the 
above results in the recipients of low-dose TLI + CsA + MP are consistent with 
an inability to mount a specific anti-monkey XNA response, further studies on 
the response to third-party antigens would provide confirmation of this hypoth- 
esis. 

The mechanism(s) by which TLI prevented a XNA response is not clear. The 
reduced level of XNA may occur by a direct effect of the immunosuppressive 
therapy on B cells, particularly IgM-secreting cells, to produce a specific state 
of nonresponsiveness [14]. Another possibility is that TLI may indirectly induce 
nonreactivity of B cells through its effects on T cells which regulate humoral 
responses. Previous reports have demonstrated reduced B cell responses to nom- 
inal antigens in animals and humans following TLI, although a period of unre- 
sponsiveness to these antigens has not been reported [23-25]. In rheumatoid 
arthritis patients and in mice treated with TLI, reduced T cell-dependent B cell 
responses with normal or elevated T-independent B cell reactivity were observed 
[23]. Other investigators have reported a reduction in in vitro B cell responses to 
T-independent antigens in TLI-treated mice [25]. In the latter study, antibodies to 
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diphtheria and tetanus toxoids decreased twofold after TLI therapy, and did not 
rise significantly after booster innoculation. The hyporeactive period lasted for 
approximately 20 days after the last dose of irradiation and may have been due 
to unresponsiveness in immature cell populations that repopulate 

the spleen of TLI-treated recipients. In addition, adherent suppressor cells were 
described that may contribute to B cell hyporesponsiveness in TLI-treated recipi- 
ents [25]. It is possible that the presence of a large sustained source of xenoanti- 
gen (i.e., the cardiac graft) immediately following TLI is important in promoting 
a nonreactive state in the B cell and/or T helper cell compartments [26-29]. It is 
clear, however, that substantial T cell reactivity develops against the monkey 
xenograft in the fourth week after low-dose TLI, since CsA therapy is essential 
in preventing the cytolytic lymphocyte (CTL and activated NK)-mediated rejec- 
tion that occurs during this period [15]. Furthermore, relatively normal in vitro 
cytolytic responses to xenoantigens in mixed lymphocyte culture (MLC) were 
generated in lymphocytes from TLI-treated recipient lymphocytes 1 month fol- 
lowing xenotransplantation. TLI combined with bone marrow transplantation, 
as has been demonstrated in murine allotransplantation models [2], has not as 
yet been studied for induction of tolerence in concordant primate xenograft 
models. 



Discordant (Swine-to-Primate) Xenotransplantation 

Because of the encouraging results obtained in preventing the early loss of con- 
cordant monkey hearts in the baboon from induced XNA, we investigated the 
effect of TLI in a discordant swine-to-baboon cardiac xenograft model. Baboons 
were treated with TLI and CsA + MP, as described above. Specific absorption of 
XNA was performed just prior to surgery by either (a) continous hemoperfusion 
(HP) through a porcine spleen or (b) continous membrane plasmaphoresis and 
perfusion through a porcine spleen/liver (MPP) [30, 31]. Xenografts survived 6, 
8, and 15 days in the HP group and 1, 7, and 8 days in the MP group, both groups 
significantly longer than untreated controls (less than 2h) [32, 33]. Serial analysis 
of the level of serum XNA (a) before transplantation, (b) after absorption by 
donor species organ perfusion, and (c) at various times after transplantation, 
was performed. Pretransplant XNA titers generally were in the 1:128 to 1:256 
range. XNA titers as assessed by CDC in the hemoperfused recipients were 
reduced following the latter procedure and remained below the level of the pre- 
transplant titer even on the day of rejection. XNA levels as assessed by flow cyto- 
metry were initially lowered by the MP technique, but frequently increased by 
the following day [30, 33]. The initial rise in titer after donor organ perfusion 
is likely due to equilibration with XNA from the extravascular space [30]. 

The effect of the timing of donor organ perfusion relative to the time of trans- 
plantation on elevation of XNA (IgG) was studied. Recipients that received MPP 
1-7 days before transplantation had a more than eightfold increase in peak IgG 
XNA more than 6 days after transplantation. Recipients that received MPP on 
the day of transplantation had a zero to twofold increase in IgG XNA. MPP treat- 
ment without organ transplantation was a sensitizing event with XNA titers 




492 



AJ. Norin 



increasing 30- to loo-fold. TLI had no effect on preexisting anti-porcine XNA 
titers, but clearly prevented the induction of exceedingly high levels( >1:2000) 
of XNA in the presence of a cardiac xenograft. In contrast, porcine antigen 
shed from perfused organs without transplantation or perfusion iday before 
transplantation induced a high XNA titer, even though TLI had been adminis- 
tered. These results suggest an interaction between the altered immune response 
(due to TLI) and the presence of a vascularized xenograft, resulting in inhibition 
of the humoral response. This effect is apparently negated by exposure of the 
recipient to porcine antigens as little as 24 b before xenotransplantation. 



Comment 

In summary, TLI-treated baboons receiving heterotopic monkey heart xenotrans- 
plants have demonstrated a lack of an induced XNA response as long as a well- 
functioning vascularized graft is present. At first it may be somewhat surprising 
to observe a similar effect of TLI in the discordant swine-to-baboon model as in 
the concordant monkey-to-baboon model, i.e., inhibition of induced XNA. The 
humoral immune response of a baboon to a porcine graft is nevertheless likely 
to be a primary response rather than a secondary one. Though the antigenic 
determinants on porcine proteins (Galai-3Gal residues) that react with natural 
XNA [34, 35] are the same as on the putative immunogen of bacterial origin, 
the carrier molecules are dissimilar. The baboon’s immune system is therefore 
naive to the Galai-3 galactosylated porcine proteins, and thus a primary response 
is induced as a result of an organ transplant. The results of our studies [15, 30-33] 
support the above hypothesis, suggesting that appropriately timed TLI may pre- 
vent the induced XNA response following discordant transplants between swine 
and primate species. 

Three major obstacles to successful transplantation of discordant swine organs 
into humans are presently known: (1) hyperacute rejection mediated by anti-Gal 
ai-3Gal antibodies and complement, (2) acute rejection mediated by induced 
XNA and complement, and (3) rejection mediated by activated NK cells and T 
lymphocytes, in particular CTL [36, 37]. In future studies we will determine 
whether TLI in combination with anti-T cell pharmacologic agents, such as 
CsA or FK506, will prevent an induced XNA response to swine organs that 
express human transgenes (which inhibit hyperacute rejection) [38-41]. 
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Introduction 

Induction of donor-specific tolerance would be desirable and might even be 
essential to the success of clinical xenotransplantation for several reasons: 

1. It would eliminate the risk of acute or chronic rejection. Chronic rejection cur- 
rently leads to eventual graft loss in a high percentage of allograft recipients, 
despite recent improvements in immunosuppressive therapy. In view of the 
frequently greater difficulty that is encountered in attenuating xenoresponses 
than alloresponses [i], it seems likely that both acute and chronic rejection 
might be a major limitation to xenogeneic organ transplantation, even if the 
initial natural antibody-induced hyperacute rejection problem could be over- 
come. 

2. A state of tolerance would obviate the need for chronic imunosuppressive ther- 
apy with its attendant risks of opportunistic infection, malignancy and organ 
toxicity. 

The tolerance approach might be most readily applied to xenotransplantation, 
since the use of xenogeneic donors provides the opportunity for obtaining toler- 
ance-inducing cell populations (e.g., bone marrow) from the donor, then waiting 
for the recipient to recover from the procedure with a tolerant immune system, 
followed by grafting with a solid organ from the same donor. In addition, the 
potential for generating fully inbred xenograft donors (e.g., miniature swine) 
provides the possibility of using an unlimited source of genetically homogeneous 
tissue whenever required for maintenance of the tolerant state. Furthermore, 
xenogeneic donors could potentially be modified using gene therapy to facilitate 
the ability to induce tolerance to xeno antigens. 

In this review, we shall discuss two approaches to inducing central tolerance to 
xenogeneic donors. The first involves the use of xenogeneic hematopoietic cell 
transplantation to induce a state of mixed chimerism. The second involves 
host thymectomy followed by replacement with a xenogeneic donor thymus 
after depletion of the pre-existing peripheral T cell repertoire. 
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Non-myeloablative Conditioning Regimen Allowing induction 
of Mixed Xenogeneic Chimerism 

Rationale for the Mixed Chimerism Approach 

The use of xenogeneic bone marrow transplantation (BMT) may provide an 
approach to the induction of specific tolerance toward a xenogeneic organ 
donor, while preserving otherwise normal immune function. Numerous studies 
in allogeneic animal models have demonstrated that specific transplantation tol- 
erance can be produced by transplanting hematopoietic cells across full major 
histocompatibility (MHC) barriers [2-8]. However, it has not yet been possible 
to use this approach to the induction of transplantation tolerance in humans, lar- 
gely due to the unacceptable nonhematopoietic toxicity associated with myeloa- 
blative conditioning regimens, the excessive risk of graft-versus-host disease 
(GVHD) in HLA-mismatched transplantation [9], and the difficulty in achieving 
bone marrow engraftment across major histocompatibility barriers. The latter 
difficulties have presented major limitations to the use of clinical bone marrow 
allotransplantation [10,11], and, as illustrated below, resistance to reconstitution 
by xenogeneic hematopoietic cells may be even greater than that observed for 
allogeneic hematopoietic cells. 

The use of lethal whole body irradiation (WBI) and BMT has also been shown 
to permit induction of transplantation tolerance across concordant xenogeneic 
barriers in rodent models [3, 12-15]. The clinical applicability of this approach 
is also limited by the toxicity of preparative regimens [16, 17], by GVHD [9, 
18, 19], and by difficulties in achieving marrow engraftment [11, 20, 21]. There- 
fore, if BMT is to be a useful method of inducing transplantation tolerance in 
the clinical setting, it will be essential to develop conditioning regimens which 
specifically target those host elements which resist marrow engraftment, rather 
than to use regimens which nonspecifically destroy proliferating cells such as 
hematopoietic stem cells and gut epithelium. Furthermore, it will be important 
to develop means of achieving xenoengraftment without GVHD. Elimination of 
GVHD-producing T cells in bone marrow has been associated with an increased 
incidence of failure of engraftment of allogeneic marrow in both clinical [20, 22, 
23] and experimental [24, 25] studies. 

An additional obstacle must be addressed when considering bone marrow 
transplantation across complete histocompatibility barriers (allogeneic or xeno- 
geneic). Since MHC restriction specificity is determined by host thymic epithelial 
cells during the time when T cells are regenerating post-BMT [26], a source of 
antigen-presenting cells (APC) bearing the same host MHC phenotype is 
required to present antigen effectively in the periphery. Since such peripheral 
APC are bone marrow-derived, they will eventually consist only of donor-type 
cells in fully allogeneic or fully xenogeneic chimeras. Thus, a state of immunoin- 
competence would exist, since the restricting elements required to present anti- 
gen to host-restricted T cells would be absent from the periphery [27]. One way 
of circumventing this difficulty would be to provide a source of host-type BMC 
and thus produce a mixed chimera, so that a continuous source of host-type APC 
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is provided. Indeed, superior immuno competence has been demonstrated in 
mixed allogeneic chimeras compared to fully allogeneic chimeras prepared across 
complete MHC barriers [26-30]. Thus preparation of mixed xenogeneic chimeras 
might be an optimal approach to the use of BMT for the induction of transplan- 
tation tolerance across species barriers. 

Non-myeloablative Regimen Permitting Induction of Mixed Xenogeneic 
Chimerism 

Recent studies have demonstrated that mixed chimerism and transplantation tol- 
erance can be induced across complete allogeneic MHC barriers in mice using a 
relatively nontoxic, non-myeloablative preparative regimen. This regimen 
involves elimination of host T lymphocytes by in vivo administration of mono- 
clonal antibodies (mAbs) specific for CD4^ and CDS"^ T cells, followed by a low 
dose (3 Gy) of WBI and a higher dose (7 Gy) of local irradiation to the thymus 
[31]. We have extended this approach to a xenogeneic rat mouse species com- 
bination using the modified conditioning regimen shown in Fig. 1 [32]. This regi- 
men was similar to that used for allogeneic mixed chimerism, except that mAbs 
against host Thyi-positive cells and against the natural killer (NK) cell marker 
NKi.i were added to the preparative regimen. When T cell-depleted (TCD) rat 



|3 Gy WBI I 




Fig.l. Method for producing mixed xenogeneic (rat mouse) chimeras using a non-myeloabla- 
tive conditioning regimen. Each mouse received 6X10^ rat bone marrow cells that were T cell 
depleted as described [32]. WBIy whole body irradiation; BMC, bone marrow cell; NK, natural 
killer; mAbs, monoclonal antibodies 




Xenogeneic Tolerance Through Hematopoietic Cell and Thymic Transplantation 



499 



marrow was administered to mice conditioned as shown in Fig. i, mixed chimer- 
ism and specific transplantation tolerance were successfully induced [32]. T cell 
depletion of rat marrow was essential in order to avoid the development of 
GVHD in this model. Thus our regimen achieves the goal of allowing the 
engraftment of TCD rat marrow without GVHD. 

A comparison of the host conditioning required to achieve allogeneic versus 
xenogeneic marrow engraftment suggests that NK cells may play a more impor- 
tant role in resisting rat marrow engraftment than in resisting allogeneic marrow 
engraftment in mice. Recent studies suggest that a major mechanism by which 
NK cells are prevented from killing “self” targets is the transmission of inhibitory 
signals through NK cell surface molecules that recognize specific class I MHC 
determinants [33, 34]. Since recognition of some, even fully allogeneic, class I 
molecules appears to lead to reduced NK activity compared to that observed 
for cells deficient in class I expression [34, 35], it seems possible that the greater 
disparity of xenogeneic MHC molecules than allogeneic MHC molecules could 
lead to a greater role for NK cells in rejecting xenografts than allografts. 

The reason that anti-Thyi.2 mAb treatment is so important to the achievement 
of rat marrow engraftment in mice is unclear. It is possible that CD4“CD8“ ap T 
cell receptor (TCR)“^ or y 5 T cells may play a role in resisting rat marrow engraft- 
ment. CD4~CD8“ aPTCR'*' T cells expressing the NK cell-associated molecule 
NKi.i may resist allogeneic marrow engraftment in a specificity pattern that 
resembles that of NK cell-mediated resistance [36-38]. Murine y 5 T cells have 
recently been shown to be capable of mediating cytotoxicity against normal rat 
target cells [39]. We are currently evaluating the role of both of these cell 
types in resisting rat marrow engraftment in mice. 

Recent studies in the allogeneic model have demonstrated that lasting multi- 
lineage chimerism and donor-specific tolerance can be achieved when thymic 
irradiation is omitted from the conditioning regimen if additional injections of 
anti-T cell mAbs are given prior to BMT (i.e., mAbs are administered on days 
-6 and -1 with respect to BMT) [40]. Similarly, we have observed no difference 
in the level of chimerism in mice receiving rat BMT after treatment with a similar 
regimen to that shown in Fig. 1, except that thymic irradiation is omitted [41]. 
These results suggest that, if this approach were to be applied clinically, toxicity 
of the conditioning regimen might be further reduced by the omission of thymic 
irradiation. 



Donor-Specific T Cell Tolerance in Mixed Xenogeneic Chimeras 

Mixed xenogeneic rat mouse chimeras show markedly prolonged donor-speci- 
fic rat skin graft survival. Non-donor type rat skin grafts are rapidly rejected, 
indicating that the chimeras are immunocompetent, and are specifically tolerant 
to the bone marrow donor [32] (Fig. 2). In vitro studies demonstrating long-term 
donor-specific mixed lymphocyte reaction (MLR) and cell-mediated lympholysis 
(CML) tolerance for at least lyear following BMT confirm the existence of a state 
of donor-specific tolerance in these mice. However, donor-specific skin grafts are 
often eventually chronically rejected in these animals. This rejection probably 
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Fig. 2. Survival of donor-type {solid line, F344) and non-donor type {dashed line, WF) rat skin 
grafts placed 4 months after bone marrow transplant in rat — > mouse chimeras prepared with 
the regimen shown in Fig. 1 



reflects recognition of skin-specific antigens, since, even after this rejection has 
occurred, specific unresponsiveness to donor antigens expressed on lymphohe- 
matopoietic cells is still observed in vitro (B. Nikolic et ah, unpublished data). 

The capacity of hematopoietic tissue to induce tolerance results in large part 
from the ability of bone marrow-derived cells in the thymus to induce clonal 
deletion of developing thymocytes with T cell receptors that recognize their anti- 
gens [5, 42-45], resulting in the generation of a T cell repertoire that is tolerant of 
the hematopoietic cell donor. Several marrow- derived cell types, including den- 
dritic cells [46], B cells [47], and thymocytes [44], have been shown to have 
the capacity to induce intrathymic deletional tolerance. Tolerance induction in 
the allogeneic BMT model upon which the xenogeneic regimen is based has 
been shown to be due primarily to an intrathymic deletional mechanism follow- 
ing depletion of the majority of preexisting peripheral T cells [45]. Active sup- 
pression or anergy does not appear to play a significant role in the maintenance 
of tolerance in these animals. Maintenance of this state is dependent upon the 
continued presence of donor antigen in the thymus, which continues to generate 
new T cells for most of the life of the chimera [74]. Clonal deletion of donor-reac- 
tive host thymocytes is apparent at the time when thymic regeneration first 
occurs post-BMT, and is associated with the early intrathymic appearance of 
donor class II MHC-bearing cells with dendritic morphology [45, 48]. In addi- 
tion, a small population of residual host T cells that escapes antibody-mediated 
depletion in the periphery may be tolerized by an anergy mechanism when 
donor marrow is transplanted [45]. 
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Similar to the allogeneic model, tolerance in our rat mouse chimeras prob- 
ably results primarily from initial ablation of the existing T cell repertoire with 
mAbs, followed by intrathymic generation of a new T cell repertoire that is tol- 
erized by a clonal deletion mechanism. Studies of recipient T cell families using 
particular V (3 genes (VPs and vpii) provide evidence for clonal deletion as a 
major mechanism of tolerance induction and maintenance in these rat-mouse 
chimeras [41]. Concomitant with the observed deletion of these Vp families, 
rat class II'^ cells with dendritic morphology are detectable in the thymi of chi- 
meric, tolerant mice (H. Lei et al., unpublished data). These results suggest that 
rat marrow- derived cells participate in negative selection in the thymus. Since 
rats are not known to encode endogenous superantigens in their genomes that 
could account for the observed deletion of Vp families in chimeras, and the mur- 
ine recipients were unable to express the class II MHC antigens required to pre- 
sent superantigens that would lead to deletion of these VP we believe that dele- 
tion is due to the presentation of endogenous superantigens encoded in the 
mouse genome by rat class II molecules on rat APC that enter the host thymus. 
However, as chimerism disappears from the thymi of these animals, recipient T 
cells expressing Vp5 and VPii eventually appear in the thymus and periphery of 
the mice. In spite of this failure of deletional tolerance after the eventual loss of 
intrathymic chimerism in long-term chimeras, CML tolerance and skin graft pro- 
longation persist (B. Nikolic et al., unpublished data). 



Humoral Tolerance in Mixed Xenogeneic Chimeras 

Mixed chimeras do not show a significant IgG antibody response to the donor, 
even after eventual rejection of a donor-specific skin graft [49]. Anti-rat antibo- 
dies were not detected even at late time points when chimerism had completely 
or almost completely disappeared from peripheral blood [32, 49]. In contrast, rat 
skin grafting led to immunization and development of a marked IgG response in 
control mice receiving conditioning without BMT [49]. Since IgG responses are 
largely T cell-dependent, these observations provide further evidence for T cell 
tolerance in mixed xenogeneic chimeras, even as the level of xenogeneic donor 
repopulation declines. 

We have recently demonstrated that sera of normal, untreated mice contain 
natural IgM antibodies that are cytotoxic for rat BMC but not for rat spleen 
cells [50]. Using adoptive transfer of normal serum to SCID mice, we obtained 
evidence that natural antibodies (NAb) can significantly impede rat marrow 
engraftment [51]. Since initial chimerism and transplantation tolerance can 
be induced in the rat — > mouse species combination using BMT, the type of 
natural antibodies we have detected clearly do not prevent marrow engraft- 
ment. However, this does not imply that NAb do not reduce the level of 
engraftment of rat BMC, and, indeed, their presence might explain the large 
numbers of rat BMC which are required in order to achieve engraftment in 
mice [3, 12, 31, 32]. 

In view of our observation that normal mouse serum contained “rat BMC-spe- 
cific” NAb, we considered the possibility that these NAb were responsible for the 
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gradual loss of chimerism in mixed xenogeneic chimeras. However, the results of 
our studies argue against this possibility, and actually suggest that xenogeneic 
chimerism may be associated with a state of tolerance among natural anti- 
body-forming B cells. The level of donor bone marrow-reactive IgM antibodies 
was markedly lower in mixed xenogeneic chimeras than in similarly conditioned 
non-BMT controls [49, 52]. This reduction was not likely due to absorption by rat 
hematopoietic cells, as it persisted even as the level of chimerism declined [52]. 
Furthermore, donor cells that were not coated with NAb could be detected in 
the blood of long-term chimeras, in which the reduction in NAb levels persisted. 
The observation that induction of mixed xenogeneic chimerism appear to toler- 
ize NAb-forming B cells suggests a novel approach to overcoming the NAb prob- 
lem which presents a major obstacle to vascularized discordant xenografts. If 
mixed chimerism could be established well before the time of solid organ graft- 
ing, a state of NAb tolerance might obviate the requirement for absorption pro- 
cedures, and most importantly, would assure life-long freedom from antibody- 
mediated rejection. 

Since swine are excellent potential xenogeneic organ donors for humans (see 
below), we recently evaluated the potential of swine marrow to induce NAb tol- 
erance for determinants expressed on swine endothelial cells. Absorption studies 
indicated that most human NAb target antigens expressed on swine endothelial 
cells are also shared by swine BMC and their progeny [53]. Thus, induction of 
mixed swine human chimerism might not only induce cellular tolerance, but 
could also induce tolerance among NAb-forming B cells and eliminate the risk 
of hyperacute rejection when solid organ transplantation from swine donors 
was subsequently performed. 

NAb-producing B cell tolerance may be due to cross-linking of Ig receptors on 
these B cells by donor antigens, resulting in apoptosis, as has been shown in a 
model in which B cells of Ig receptor-transgenic mice make autoantibody 

against their red blood cells [54]. Furthermore, it is possible that the 3 Gy WBI 
used in our conditioning regimen depletes a significant fraction of NAb-produ- 
cing B cells. Since substantial levels of rat-reactive NAb recover in animals receiv- 
ing conditioning without rat BMT, it is clear that, if these B cells are depleted by 
irradiation, progenitor cells capable of replacing them are present in the adult 
recipients. If mature NAb-producing B cells are in fact depleted by the condition- 
ing regimen in BMT recipients, recovering donor-reactive B cells may be deleted 
at an early developmental stage due to the presence of membrane-bound antigen 
on rat marrow-derived cells. 

In summary, these results demonstrate a lack of humoral immunity against 
donor antigens during the period when chimerism declines and following skin 
grafting in mice preconditioned with the complete tolerizing mAb regimen. 
Thus it is unlikely that antibody mediates either bone marrow graft failure or 
skin graft rejection in these mice. Together, our results suggest a persistence of 
specific cellular tolerance in these mice to antigens expressed on bone mar- 
row-derived cells, despite the gradual loss of chimerism. Importantly, they also 
suggest that a state of mixed xenogeneic chimerism could lead to a state of 
NAb tolerance toward the donor, thus providing a new approach to avoiding 
hyperacute rejection. 
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Competitive Advantage for Host Hematopoiesis in Xenogeneic Bone Marrow 
Transplant Recipients 

Despite the evidence for lasting T cell and B cell tolerance described above, the level 
of rat hematopoietic reconstitution gradually declines in chimeras prepared with 
the non-myelo ablative regimen shown in Fig. i, and rat cells are sometimes unde- 
tectable by flow cytometry by 6-12 months following BMT [32] (Fig. 3). However, 
donor-specific cellular and humoral tolerance are still observed in studies per- 
formed as late as 1-1.5 years post-BMT (B. Nikolic, unpublished data). In addition, 
a second injection of donor-type rat bone marrow cells to chimeras receiving 3 Gy 
WBI 5 months after the initial BMT resulted in a significant boost in the level of rat 
hematopoietic repopulation (Fig. 3) and did not induce a significant anti-donor 
antibody [55] or CML response (B. Nikolic, unpublished data). This boost in 
chimerism prolongs the period during which deletion of VP5'^ and Vpii"^ cells is 
observed [55]. We therefore believe that donor-specific T cell tolerance is main- 
tained during the period when donor-type reconstitution declines. 

To address the possibility that the gradual loss of donor repopulation was due 
to rejection by recipient NK cells, we compared long-term chimerism in control 
chimeras and animals receiving chronic murine NK cell depletion with anti- 
NKi.i mAb. The two groups showed no discernable difference in the rate of 




Fig. 3 . Enhanced rat white blood cell (WBC) repopulation in recipients of 3 Gy whole body irra- 
diation (WBI) and repeat marrow Infusion (6X10^ T cell-depleted bone marrow cells) 22 weeks 
following conditioning with the complete non-myelo ablative regimen and TCD rat bone marrow 
transplantation (BMT). The mean (±SD) percentage of rat class I"^ cells in WBC as determined 
by two-color flow cytometry (FCM) is shown for control animals {dashed line, circles) and for 
those receiving 3 Gy WBI and an additional rat BMT at 22 weeks following the initial BMT 
{solid line, squares). *p<o.o$ 
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decline of chimerism [55], suggesting that a failure of NK cell “tolerance” was not 
responsible for this decline. Although further studies will be needed to clarify the 
state of host NK cell “tolerance” to the donor in these mice, our studies suggest 
that the gradual loss of donor-type repopulation is most likely due to a compe- 
titive advantage enjoyed by host hematopoietic cells over xenogeneic ones. Mixed 
rat/mouse marrow reconstitution studies in SCID mice have confirmed the 
importance of this “competition factor” in determining rat cell reconstitution 
of specific lineages in mice [55a]. This advantage could be due to species differ- 
ences in cytokines, adhesion molecules and their ligands, and other components 
of the marrow stromal environment. Thus it is not surprising that host hemato- 
poiesis would gradually supersede donor rat hematopoiesis after recipient stem 
cells have recovered from the initial myelosuppressive irradiation. 



Attempts To Achieve Bone Marrow Engraftment in Discordant Species 
Combinations 

Choice of the Pig as a Xenograft Donor 

Because donor organ availability has become a major limitation to the field of 
transplantation, there has been a resurgence of interest in xenografting over 
the past few years. Although nonhuman primates would provide the closest 
potential donors for man phylogenetically, there are a variety of reasons, includ- 
ing availability and ethical considerations, which mitigate against wide-scale use 
of primates as xenograft donors. Furthermore, recent evidence indicating that 
potentially lethal retroviruses and other viruses can be transmitted from non- 
human primates to humans has raised questions about the safety of using 
such closely related species as xenograft donors [56]. We and others have there- 
fore turned our attention to more discordant species as a potential xenograft 
donor source. The miniature swine which we have inbred over the past 
20 years as a large animal model for transplantation [57, 58] have a variety of 
advantages over other potential xenograft donors: 

1 . Size 

2 . Immunologic Characterization 

3 . Breeding characteristics 

4 . Reproducibility of genetics 

a) For cellular and organ transplant 

b) For retransplantation 

5 . Genetic engineering 

a) One set of vectors for all potential recipients 

b) Breeding of transgenics 

The chief advantage of pigs is their breeding characteristics, which make it 
possible to manipulate the genetics of these animals in a relatively short time. 
These characteristics include large litter size (three to ten piglets), short gestation 
time (15 weeks), frequent estrus cycles (every 3 weeks), and sexual maturity at the 
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early age of 4-6 months. Thus, the generation time of these animals is approxi- 
mately lyear, with the potential for selection of breeders at every generation. 
These characteristics have enabled us to establish three herds of MHC homozy- 
gous pigs as well as several intra-MHC recombinant strains. Another advantage 
of these animals is their size, which is very similar to that of human beings, 
with maximal weights of approximately 250 lb. Thus one might choose an appro- 
priate donor for any potential human recipient. 



Pig-to-Mouse Bone Marrow Transplantation 

In view of the competitive advantage of host marrow over marrow from the clo- 
sely related rat species in mice, even greater physiologic barriers may inhibit 
reconstitution by hematopoietic cells from more widely disparate species. Consis- 
tent with this hypothesis, when porcine bone marrow cells were administered to 
sublethally irradiated severe combined immunodeficient (SCID) mice, which lack 
T and B cell-mediated immunity [59], only a low level of swine myeloid cell repo- 
pulation of recipient hematopoietic tissues was observed. Swine Ig was initially 
detected in the serum of these mice, but became undetectable by about 5 months 
following BMT. However, swine hematopoietic progenitors were detected long 
term in the marrow of some mice, suggesting that a low level of pluripotent 
hematopoietic stem cell engraftment may have been achieved [60]. 

NK cells did not appear to limit porcine marrow engraftment in SCID mice 
[60], which lack other forms of immunity. This inability to demonstrate a role 
for NK cells in xenoresistance in this species combination may reflect a failure 
of cellular interactions that are critical for cytolytic function, e.g., lymphocyte 
function-associated antigen (LFA)-i/intercellular adhesion molecule (ICAM), to 
function between the pig and the mouse. We believe that the species specificity 
of environmental factors such as cytokines and adhesion molecules may present 
the major limitation to engraftment and reconstitution of mice by swine marrow. 
Consistent with this possibility, in vitro mixing studies demonstrated a competi- 
tive advantage for growth of human hematopoietic progenitors over xenogeneic 
porcine ones on pre-established human stromal layers [61]. In an attempt to 
improve the ability of swine marrow cells to compete for hematopoietic repopu- 
lation in a xenogeneic environment, we have begun to evaluate exogenously 
administered swine-specific cytokines. Administration of recombinant porcine 
IL-3, the most species-specific of the hematopoietic growth factors, has resulted 
in a marked increase in the level of swine hematopoietic repopulation and in the 
number of swine progenitor cells in marrow of SCID mouse recipients. The addi- 
tion of donor cytokines and/or genetic engineering to make swine marrow more 
“human-like” in its responsiveness to human environmental stimuli might be 
necessary for the successful application of BMT to the induction of xenotolerance 
in human recipients [62]. 

As discussed above, absorption studies have indicated that most human NAb 
target antigens expressed on swine endothelial cells are also shared by swine 
BMC and their progeny [53]. Thus induction of mixed swine -Shuman chimerism 
might not only induce cellular tolerance, but could also induce tolerance among 
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NAb-forming B cells and eliminate the risk of hyperacute rejection when solid 
organ transplantation from swine donors was subsequently performed. 



Pig-to-Primate Bone Marrow Transplantation 

Tolerance Induction in an Allogeneic Primate Bone Marrow Transplant Model 

Because the non-myeloablative preparative regimen used in mice as described 
above was far less toxic than the lethal preparative regimen utilized in previous 
studies, we have considered it for potential clinical applicability. We have there- 
fore recently developed a similar protocol in cynomolgus monkeys as a pre-clin- 
ical large animal model [63]. Pairs of animals were selected following serologic 
and MLR testing to assure that they were MHC mismatched at class I and 
class Il/oci. Animals were chosen such that at least one mAb was available 
which reacted with the donor MHC and not with the recipient, for detection 
of chimerism by flow cytometry (FCM) post-transplant. As illustrated in Fig. 4, 
animals received 3.0 Gy WBI, 7.0 Gy thymic irradiation, and horse anti-human 
ATG preoperatively. Bilateral nephrectomy, splenectomy, orthotopic kidney trans- 
plantation and donor bone marrow administration were all performed on day o 
(see below for further details on the preparative regimen). In order to supple- 
ment suppression of mature T cells by ATG, treatment with cyclosporin A i.m. 
was begun on day 1 and continued for 4 weeks. No further immunosuppression 
was administered after this time. This protocol was thus highly analogous to 
that utilized in our previous murine studies [31]. 




Fig. 4. Protocol for non-myeloablative preparative regimen to induce tolerance between full major 
histocompatibility complex (MHC) haplotype-mismatched cynomolgus monkeys. WBI, whole 
body irradiation; ATG, antithrombocyte globulin 
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Monkeys treated by this regimen became pancytopenic on day 8, but recov- 
ered thereafter, becoming essentially normal hematologically by day 30. Sequen- 
tial FCM analyses showed clear evidence for chimerism among lymphoid, mye- 
loid and monocytic subpopulations, generally detected first on about day 8, 
and persisting until day 30. Thereafter, the levels of detectable chimerism 
decreased progressively, becoming difficult to distinguish from background stain- 
ing with isotype control antibodies (i.e., less than i%-2%) by FCM. In all six 
animals treated by this protocol, transplantation tolerance was induced, as 
assessed by MLR assays, by monitoring of kidney transplant function, and in 
one case by acceptance of a full thickness graft of frozen skin from the kidney 
donor [63]. In none of these animals was any additional exogenous immunosup- 
pression administered after day 30. We have therefore concluded that specific 
transplantation tolerance can be induced in primates by this procedure [63]. 

Mixed Chimerism in a Pig-to-Primate Discordant Xenograft Combination 

Non-myeloablative Protocol We have recently begun studies attempting to extend the 
nonmyeloablative regimen for production of mixed chimerism to this discordant pig -> primate 
combination [64]. The protocol we have used is illustrated schematically in Fig. 5. This protocol 
parallels very closely that which we have previously demonstrated to be effective for inducing 
long-term graft acceptance in allogeneic mouse combinations [31], concordant rat to mouse 
xenogeneic combinations [32], and fully MHC mismatched cynomolgus monkeys [63]. The one 
main difference from previous protocols involves the need to remove natural antibodies from 
the recipient's circulation in order to avoid hyperacute rejection. As illustrated in Fig. 5, this has 
been accomplished in our model by intraoperative perfusion of the monkey's blood either 
through an isolated pig liver or through specific antigen-bearing columns via silastic catheters 
inserted into the aorta and vena cava on day 0, immediately prior to renal transplantation 
[64]. It is interesting to note that a similar procedure utilizing ex vivo pig liver perfusion has 
been used clinically to treat hepatic coma [65,66]. Our use of solid matrix columns bearing 
appropriate a1, 3-galactose sugar linkages is based on reports suggesting that the majority of 
primate anti-swine natural antibodies are directed to this epitope [67, 68], which has been 
confirmed in our laboratory. Our early results with such columns are encouraging (Lorf et al., 
manuscript in preparation). 

The preparative regimen we have used is very similar to that utilized in our 
monkey allotransplantation model, as described above. Sublethal irradiation con- 
sisting of three fractions of WBI, 1.0 Gy each, were administered on days -6 and 
-5, and 7.0 Gy of thymic irradiation was administered on day -1. While it is not 
clear in either of these large animal models whether or not thymic irradiation is 
required, we have retained it in the protocols, and are presently testing its neces- 
sity in the allogeneic model. Similarly, splenectomy on day o, although not yet 
proven to be a necessary part of the preparative regimen, has been included in 
the protocol because of its apparent usefulness in other transplant models invol- 
ving preformed antibodies [69, 70]. Because no monoclonal antibodies to remove 
mature T cells from monkeys in vivo are yet available, we have utilized ATG 
(Upjohn) for this purpose. This reagent was administered on days -2, -1, and 
o (50 mg/kg, i.v.). As described for our allogeneic primate model [63], examina- 
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Fig. 5. Non-myeloablative protocol for attempts to induce transplantation tolerance across the dis- 
cordant xenogeneic barrier pig cynomolgus monkey through establishment of mixed chimer- 
ism. ATGy antithrombocyte globulin; mAbs, monoclonal antibodies; BM, bone marrow; DSG, 15- 
deoxyspergualin; /L, interleukin 



tion of lymph nodes indicated that this T cell depletion was not complete, so we 
have also included a postoperative course of immunosuppression with cyclos- 
porin A (15 mg/kg per day, i.v.) to further suppress T cell function in the immedi- 
ate post-transplant period. Recently, 2 weeks of treatment with 15-deoxysper- 
gualin was also added to the protocol because of its ability to suppress 
antibody responses [71]. On day o, a pig kidney was transplanted into the 
same large vessels utilized for the perfusion procedure. Pig bone marrow was 
harvested and prepared from the same donor, and was infused at approximately 
5X10* cells/kg perioperatively. 

Removal of Natural Antibodies. Removal of NAbs in this combination has been successful in 
avoiding hyperacute rejection in more than 15 pig to monkey xenotransplants performed to date 
[72]. A summary of kidney survivals in this series of animals is shown in Fig. 6. Following the full 
preparative regimen, kidney grafts have functioned normally for up to 15 days, achieving normal 
blood urea nitrogen (BUN) and creatinine levels. Open biopsies during this time have revealed 
normal kidneys grossly and have shown normal kidney histology. However, in all of these 
animals the kidney subsequently succumbed to a vascular form of rejection, and no long-term 
kidney survivals were achieved. In addition, with the exception of recent animals in which pig 
recombinant growth factors were used (see below), there has only been transient evidence for 
pig cell chimerism, with a low level of pig cells (1 %-5 %) In the peripheral blood [72]. 

The absorption procedure led to an almost complete removal of IgM and IgG 
anti-pig antibodies, and these antibodies remained at very low levels until shortly 
before rejection. In those animals which rejected the xenografts, IgG antibodies 
were observed in the serum at the time of rejection and were found by immuno- 
fluorescence in large vessels [72]. Preliminary data indicate that this IgG antibody 
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detected additional determinants to those detected by natural antibodies, sug- 
gesting that the production of monkey anti-pig IgG represents a T cell dependent 
immune response to the transplant, and that this phenomenon, return of natural 
antibodies, in addition to the contributed to loss of grafts by vascular rejection 
during the second week. 

Current Status. Our studies in allogeneic systems have demonstrated that chimerism is a 
requirement for achieving lasting transplantation tolerance [31, 73, 74]. Our current efforts 
have therefore focused on means for increasing the reconstitution by pig bone marrow cells in 
monkey recipients. One of the methods being tested involves the use of pig recombinant 
cytokines (SCF and IL-3) in the postoperative period. Recent results suggest that administration 
of these cytokines to a monkey receiving the full preparative regimen prolonged survival of pig 
bone marrow progeny in the monkey's bone marrow for over 6 months (T. Sablinski et al., 
manuscript in preparation). In addition, pig cytokines were used postoperatively in the animal 
with the longest kidney survival in Fig. 6 (#1094, 15-day survival). Unfortunately, this 
cynomolgus monkey died from a complication of thrombocytopenia with a functioning kidney 
transplant (T. Sablinski et al., manuscript in preparation). We consider these results to be 
preliminary, but very encouraging. We are also planning to test the use of fetal pig thymic 
tissue, which, in the mouse model described above, leads to discordant xenograft tolerance 
[75]. It is our hope that, by combining approaches being pursued in other laboratories toward 
avoiding hyperacute rejection with our own approach to inducing cellular tolerance, long-term 
acceptance of discordant xenografts will be achieved in the pig to primate combination. 




0 5 10 15 

DAYS 



Fig. 6. Survival of technically successful pig kidney xenografts in our series of cynomolgus mon- 
keys 
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Xenogeneic Thymic Transplantation as an Approach to Inducing 
Tolerance 

Xenogeneic Thymic Tissue Replaces the Host Thymus in Immunocompetent 
Thymectomized and T Cell Depleted Mice 

In the pig to mouse transplantation studies performed thus far, we have not suc- 
ceeded in inducing porcine hematopoietic cells to mature and home to the reci- 
pient thymus and induce deletional tolerance there. Since thymic tissue itself can 
induce T cell tolerance by a variety of mechanisms [76-80], an alternative 
approach to inducing central tolerance would be to replace the host thymus 
with a xenogeneic donor thymus. We therefore evaluated the potential of swine 
fetal thymus/liver grafts to induce tolerance in immunocompetent mice. The 
fetal liver was added as a source of porcine hematopoietic cells that could poten- 
tially induce deletional tolerance in the porcine thymus graft. Results of these 
studies demonstrated that, in adult thymectomized (ATX), otherwise immuno- 
competent mice receiving a modification of the conditioning regimen shown in 
Fig. 1 prior to implantation of fetal pig thymus/liver grafts, murine CD4^ T 
cells that are specifically tolerant of the swine donors develop in the grafts 
and migrate to the periphery (Fig. 7). 

Murine T cells developing in fetal pig thymic grafts are capable of responding 
to alloantigens in vitro [75] (Fig. 8) and in vivo [75a]. Our results therefore 
demonstrate a method for inducing specific tolerance across discordant species 
barriers [75, 75a]. However, as is discussed above, MHC restriction is generally 
believed to be determined by the MHC of the thymus [81-84]. It would therefore 
be expected that murine T cells that differentiated in a pig thymus would not be 
able to respond to peptide antigens presented by host MHC. Immunoincompe- 
tence would occur due to a mismatch between the class II MHC restriction 
imposed by the pig thymus and the MHC of host-type APC present in the pe- 
riphery. However, preliminary studies indicate that the predicted immunoincom- 
petence may not be a problem in these mice, as their T cells appear to be capable 
of recognizing peptide antigens in the context of host MHC (Y. Zhao et al., 
unpublished data). These results are consistent with studies showing reconstitu- 
tion of functional murine T cells in thymi from another xenogeneic species 
(human) grafted into immunodeficient beige-nude-xid mice [85]. The apparent 
discrepancy between these results and those involving T cell selection in a thy- 
mus graft from the same species [86] suggest that marrow-derived or other 
host cell types may be capable of mediating positive selection only in xenogeneic 
thymic grafts. Further definition of the cell types responsible for positive selec- 
tion of mouse thymocytes in pig thymus/liver grafts will be essential to a full 
understanding of immunocompetence in these mice. 

The human thymus is known to involute at puberty, and recent studies have 
suggested that the capacity of the adult human thymus to repopulate CD4 T 
cells following destruction of the existing T cell pool by irradiation or che- 
motherapy may be limited [87,88]. Thus, a xenogeneic thymus graft may prove 
to be important to the achievement of T cell recovery and immunocompetence 
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Fig.7a,b. Growth of fetal pig 
thymus/liver grafts in the 
presence of mature mouse T 
cells in the periphery, a An 
increase in fetal pig thymus/ 
liver graft size was observed 
upon exploratory laparotomy 
performed at 5 and 19 weeks 
post-transplant, despite b the 
presence of mature CD4'^/a,p- 
T cell receptor {TCRy T cells 
in the peripheral white blood 
cells (WBC; shown 16 weeks 
after monoclonal antibodies 
were discontinued). Control 
adult thymectomized mice 
which received fetal swine 
liver grafts without a thymus 
fragment did not maintain 
their grafts and developed 
<5 % ap-TCR’^ T cells in the 
periphery 





ANTNVIOUSE CD4 

log^qGREen fluorescence 



when regimens that involve depletion of preexisting peripheral T cells are used to 
condition recipients. 

In addition to its potential to induce donor-specific tolerance for xenografting, 
the xenogeneic thymus grafting approach may also have potential to contribute 
to the treatment of patients infected with human immunodeficiency virus 
(HIV). The thymus appears to be a significant target of HIV infection [89-92], 
and its destruction would likely preclude the recovery of CD4^ T cells even if 
effective antiretroviral therapy were given. Thus the provision of a xenogeneic 
thymic graft might provide an important adjunct to pharmacotherapy or other 
approaches in patients with acquired immunodeficiency syndrome (AIDS). 
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STiMULATOBS: BIO BTO.BR DD PIG 



Fig. 8. Specific unresponsiveness of Bio mice transplanted with fetal pig thymus/liver ( THY/LIV) 
grafts to pig antigens in mixed lymphocyte reaction (MLR). Adult thymectomized (ATX) -THY/ 
LIV Bio (H-ib) mice demonstrated specific unresponsiveness to pig antigens, despite the pres- 
ence of normal allo-responsiveness to a fully major histocompatibility complex (MHC) -mis- 
matched Bio.BR (H-2k) stimulator. Control ATX-Bio mice which received a swine liver graft 
without a thymus fragment (ATX-LIV) mounted no responses to any stimulator, demonstrating 
the importance of the pig thymus graft in the development of functional mouse T cells. 
Responses are shown for spleen cells from representative normal Bio mice {NL Bio), a normal 
Bio mouse grafted with GG (SLA-Ic/SLA-IId) pig skin 12 weeks earlier (GG'-Bio)y normal 
Bio.br (BR), or thymectomized Bio mice conditioned with the non-myeloablative regimen 
described above and transplanted with either a fetal pig THY/LIV graft (ATX-THY/LIV) or a 
fetal pig liver graft only {ATX-LIV). Indicated 30 Gy-irradiated stimulator cell populations were 
used 



Tolerance to the Discordant Xenogeneic Donor and the Host in Adult 
Thymectomized Recipients of Thymus Tissue 

Tolerance to the discordant porcine donor in the above studies has been illu- 
strated by the growth of the thymic xenografts as murine CD4 T cells repopulate 
the periphery (Fig. 7), the long-term coexistence of murine and porcine thymo- 
cytes in these grafts, and by unresponsiveness to pig antigens in MLR reactions 
(Fig. 8). Furthermore, partial deletion of V (3 families (VPs and vpii) recognizing 
endogenous superantigens that could only be presented by donor (pig) class II 
molecules and not by recipient (I-E“ H-2^) MFIC is observed [75]. This result 
suggests that pig antigens participate in negative selection of murine thymocytes 
developing in swine thymic grafts. Immunohistochemical stains have demon- 
strated the presence in the grafts of cells with dendritic morphology that express 
high levels of porcine MHC class II, and these cells may be involved in negative 
selection of pig-reactive murine T cells [75a]. The most striking illustration of the 
tolerant state in these animals is provided by recent studies demonstrating the 
long-term survival of donor-type pig porcine skin grafts while murine skin allo- 
grafts are rejected in ATX mice reconstituted with a pig thymus [75a]. Tliis result 
provides the first demonstration of donor-specific skin graft tolerance across a 
discordant xenogeneic barrier. 
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As shown in Fig. 8, these animals also show MLR tolerance to host antigens. 
The presence of host class II"^ cells with dendritic morphology in the grafts, con- 
comitant with complete deletion of VP families that recognize host superantigen/ 
host MHC complexes [75] suggest that this tolerance also occurs by an intrathy- 
mic deletional mechanism. 



Comment 

Xenogeneic hematopoietic cell and thymic transplantation provide promising 
approaches to the induction of both humoral and cellular tolerance across spe- 
cies barriers, and might potentially make pig to human xenotransplantation a 
clinical reality. The development of specific and nontoxic methods of overcoming 
the immunologic and physiologic barriers to xenogeneic marrow engraftment is 
a major challenge that must be met before this goal can be achieved. A greater 
understanding of the species specificity of molecular interactions important for 
hematopoiesis and cell homing will be a first step toward transcending these 
physiologic barriers. Perhaps most promising is the potential application of 
genetic engineering technologies to make porcine donor tissues more readily 
capable of surviving and, in the case of hematopoietic cells, competing with 
host tissues for survival in a human environment. 
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Introduction 

The modern era of clinical transplantation has made solid organ transplantation 
a viable therapeutic option for patients with organ failure. Despite reasonable 
success (3-year survival rates for heart, kidney, and lung transplantation of 
75%, 69%, and 58%, respectively) [1], clinical transplantation is limited by prob- 
lems in three key areas: (1) an insufficient supply of organs, (2) complications 
associated with nonspecific immunosuppression (infection and malignancy), 
and (3) the failure of current immunosuppressive regimens to prevent the devel- 
opment of rejection. At the present time, chronic rejection remains the primary 
cause of late graft loss and, as such, contributes to the shortage of donor organs 
available for transplantation. 

As of 1994, 37 000 people were on the waiting list for a solid organ transplant, 
while 2900 died while awaiting an organ in the previous year [2]. Despite aggres- 
sive educational and organizational initiatives, the supply of solid organs has 
remained constant at around 4000 per year between 1987 and 1991. 

Xenotransplantation could provide a solution to the scarcity of human organs. 
The formidable immunologic barriers to successful interspecies transplantation 
are highlighted by the aggregate clinical experience to date. Development by Car- 
rel of the techniques of vascular anastomosis permitted several early attempts at 
xenografting [3]. Jaboulay in 1906 performed two renal xenotransplants to reci- 
pients suffering from renal failure, one using a pig and the other a goat donor 
[4]. In both cases the grafts failed to function and at explantation were found 
to have vascular thrombosis. Several other early failures precipitated a long hia- 
tus in clinical xenotransplantation. 

Advances in immunology and the development of nonspecific immunosup- 
pressants in the 1960s led to early success in renal allografting and a renewed 
interest in xenografting. Reemtsma performed a series of chimpanzee to 
human renal transplants in 1963 and 1964 at Tulane University utilizing an immu- 
nosuppressive regiment consisting of azathioprine, steroids, actinomycin C and 
graft irradiation [5]. Most grafts were rejected within 2 months, although a single 
kidney survived and functioned well for 9 months. Additional renal xenografts 
were carried out by Hitchcock [6] and Starzl [7] with similar results. In 1964 
Hardy and colleagues performed the first heart xenotransplant, using a chimpan- 
zee donor [8]. An undersized graft and perhaps hyperacute rejection contributed 
to cardiac failure and recipient death in the operating room. Starzl performed 
three chimpanzee to human liver xenografts in the late 1960s, the longest of 
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which survived only 14 days [9]. These disappointing results and the wider avail- 
ability of human donors as a result of a newly accepted definition of brain death 
again led to a cessation of clinical xenotransplants. 

The development of new T cell directed immunosuppressive agents (cyclospor- 
ine in 1978 and subsequently tacrolimus) stimulated a 1984 baboon heart trans- 
plant to an infant with hypoplastic left heart syndrome [10]. While the graft 
functioned well for 2 weeks, cardiac failure supervened and the infant died 
20 days pos toper atively. Autopsy showed evidence of antibody-mediated rejection, 
but importantly only minimal cellular infiltrates, suggesting that cyclosporine 
had been effective in abrogating the cellular arm of the xenoimmune response. 
More recently, Starzl performed two liver transplants using baboon livers and 
immunosuppression with tacrolimus (FK506), steroids, cyclophosphamide, and 
prostaglandin Ej (PGEJ [11]. The first recipient survived 70 days before succumb- 
ing to infection. In this case early liver biopsies showed both humoral damage 
and lymphocytic infiltration, but these changes were mild and had resolved by 
the time of death. A second recipient died of peritonitis after 25 days. Despite 
these bold clinical efforts, long-term xenograft acceptance to date has not been 
achieved. 

The principle that transplantation between distantly related species results in 
hyperacute rejection, while transplantation between more closely related species 
does not, was established by Perper and Najarian in the mid-1960s [12]. Caine 
later introduced the terms discordant and concordant to refer to the degree of 
transplantation disparity between two species [13]. This was an operational defi- 
nition: transplants between discordant species experienced hyperacute rejection, 
whereas those between concordant species did not. 

A promising approach to xenotransplantation that might reduce or eliminate 
the need for nonspecific immunosuppression and avoid rejection is the induction 
of donor-specific transplantation tolerance through bone marrow chimerism. 
Donor-specific transplantation tolerance is a state in which the recipient perma- 
nently accepts an allograft or xenograft without the need for immunosuppressive 
drugs, yet retains the ability to respond to nondonor foreign antigens such that 
immunocompetence and resistance to infection are preserved. This chapter will 
explore the history, present status, and future directions of tolerance induction 
through bone marrow transplantation. 



What We Know About Mechanisms for Xenoreactivity 

Humoral Response 

There are fundamental differences between the allogeneic and xenogeneic 
immune response. In xenotransplantation, the humoral response is predominant. 
Xenoreactive antibodies are termed “natural” or “preformed” and are analogous 
to the antibodies that exist for blood group antigens. Natural antibodies exist in 
the absence of prior immunization and are believed to function as a first line of 
defense against microbes. They are primarily of the IgM isotype (in contrast to 
allosensitization, where the predominant antibodies are of the IgG isotype) and 
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function by binding to endothelium and initiating the classical complement path- 
way [14]. The ensuing reaction is qualitatively similar to hyperacute allograft 
rejection and is characterized by endothelial activation with a change from an 
anti- to a procoagulant environment and loss of vascular integrity [15]. These 
changes are responsible for the pathologic findings of interstitial edema, cellular 
necrosis, hemorrhage and a sparse cellular infiltrate. Destruction of the graft 
occurs within minutes, rather than the 7-10 days required for cell-mediated rejec- 
tion to occur. Natural antibodies derive exclusively from that subpopulation of B 
cells which express CD5, which comprise 50 % of fetal B cells, but only 2 %-3 % of 
B cells in adults [16]. Platt et al. have developed an assay for the detection of nat- 
ural antibodies which utilizes donor endothelial cells in vitro [17]. They have 
identified a triad of glycoproteins termed GP113/135 which represent the primary 
target of natural antibodies on the endothelial surface. Glycosidase treatment 
halted natural antibody binding, suggesting that the epitope(s) of importance 
are the oligosaccharide portions of the glycoprotein. 

The important role of antibody-mediated rejection in the xenograft response 
has been confirmed by experiments in which recipient serum is depleted of anti- 
body prior to xenograft placement. In one experiment, perfusion of rhesus 
serum through a porcine kidney before transplantation of a porcine heart 
increased graft survival from 2 to 80 h [18]. In some species combinations, hyper- 
acute xenograft rejection is less dependent on the presence of natural antibody 
and activation of the classical complement pathway, but is rather mediated by 
direct activation of the alternative complement pathway by interaction of com- 
plement components with the xenogeneic endothelial cell surface. Experimental 
manipulations to deplete the xenograft recipient of natural antibodies as well 
as attempts to inactivate the complement system have achieved only modest suc- 
cess in prolonging xenograft survival [19], and none appears clinically feasible at 
present. 



Cellular Response 

In addition to the first barrier presented by the humoral immune response, xeno- 
graft rejection is also mediated by the cellular arm of the immune system. Cel- 
lular responses to xenoantigens are dependent upon recognition of foreign anti- 
gen in the context of the major histocompatibility complex (MHC) molecule [20]. 
Because the MHC is highly conserved, such interactions are possible and do 
function across a wide phylogenetic range. It has been difficult to study the cel- 
lular immune response in xenotransplantation, because the explosive nature of 
the humoral response leads to such rapid destruction of the graft that the cellular 
response is masked [21]. Clearly a vigorous cellular response to xenografts does 
exist in vivo. Even in concordant interspecies transplants (which have minimal 
or no preformed antibodies) a vigorous cellular response occurs and destroys 
the graft at a somewhat more attenuated pace than hyperacute rejection. Combi- 
nations of powerful immunosuppressive agents in these models have been unsuc- 
cessful in controlling the cellular response, suggesting a powerful and perhaps 
fundamentally different type of response. 
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CD4^ T cells seem to have an enhanced role in the xenogeneic cellular immune 
response: antibody depletion of CD4 cells only minimally prolongs skin allograft 
survival, whereas similar depletion markedly extends xenograft survival [22]. 
Depletion of CD4 cells in a xenogeneic mixed lymphocyte reaction completely 
eliminated proliferation, whereas the allogeneic response was only partially 
diminished [23]. CD4^ cells have been classified into two subgroups based on 
the characteristic cytokines they produce: the T-helper 1 (THi) subset makes 
interleukin (IL)-2 and interferon (IFN)-y and predominates in cell-mediated 
responses whereas the TH2 subset produces IL-4 and IL-10 and predominates 
in the humoral response [24]. Wren et. al. examined the mRNA cytokine profile 
of normal mouse lymphocytes in response to alio- and xenogeneic stimulation in 
MLR assays and found that THi responses were predominant in the allogeneic 
response (i.e., increased production of IL-2 and IFN-y), while TH2 responses 
were predominant in the xenogeneic response (increased production of IL-4 
and IL-10) [25]. Such differential cellular responses for allo-versus xenoreactivity 
may explain the failure of conventional immunosuppressive agents in xenotrans- 
plantation and might be exploited to develop new targeted immunosuppressive 
agents to control xenoreactivity. 



Donor-Specific Tolerance Through Bone Marrow Chimerism 

One approach to overcome the problem of vigorous xenoreactivity is the induc- 
tion of donor-specific tolerance through bone marrow chimerism. The associa- 
tion between bone marrow chimerism and donor specific tolerance for trans- 
planted grafts was first reported in the late 1940s and early 1950s [26]. Ray 
Owen first described red blood cell chimerism in Freemartin cattle. Freemartin 
cattle are dizygotic twins that share a common placenta during intrauterine 
life. Owen observed that exchange of blood between the twins’ circulation in 
utero led to the development of stable, life-long red blood cell chimerism in 
both of the animals: a portion of each twin’s red cells were phenotypically iden- 
tical to its twin’s. He hypothesized that the “...critical interchange is of embryonal 
cells ancestral to the erythrocytes of the adult animal.” 

Shortly thereafter. Sir Peter Medawar, who had developed a technique of his- 
tocompatibility typing based on skin grafting and had been commissioned by the 
British Agricultural Society to use this technique to determine which cattle twins 
were Freemartin, noted that skin grafts from one dizygotic twin to its Freemartin 
sibling were permanently accepted [27]. Aware of Owen’s report, Medawar and 
his team hypothesized that the red blood cell chimerism in some way permitted 
donor-specific graft acceptance. This state of tolerance was believed to result 
from the clonal deletion of antigen-specific T cells [28]. Attempts to duplicate 
this experiment of nature in unconditioned adult mice were unsuccessful. 

Subsequently, Billingham, Brent and Medawar [29] successfully injected hema- 
topoietic cells into neonatal mice and demonstrated donor specific tolerance to 
skin grafts. During a privileged time period (which in mice lasts until about 
72 h after birth and in humans is present only until the 14th to 16th week of 
gestation), marrow engrafted without cytoreductive conditioning. These experi- 
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merits established the foundation for bone marrow transplantation with engraft- 
ment of the pluripotent stem cell as a means of rendering a recipient specifically 
tolerant to solid organ, tissue, and cellular grafts from a specific donor. 

Bone marrow is unique in that it is the only tissue that, once transplanted, 
does not require immunosuppression to maintain graft acceptance. Moreover, 
acceptance of bone marrow also confers acceptance of donor derived organs 
and cellular grafts. In order to achieve engraftment of marrow, however, an 
adult recipient must undergo cytoreductive conditioning to create a “niche” 
for the transplanted cells, and in addition must receive standard immunosup- 
pression to prevent residual host cells from rejecting the graft. Immunosuppres- 
sive agents used to prevent solid organ allograft rejection do not alone provide 
the necessary conditions for bone marrow engraftment. Experience has shown 
that specific cytoreductive agents such as radiation or busulfan (commonly 
employed in clinical bone marrow transplantation) are necessary for the pluripo- 
tent stem cell to engraft, even in autologous recipients [30]. 

Since Medawar’s initial demonstration of lymphohematopoietic chimerism and 
donor-specific tolerance, several models have been developed in which engraft- 
ment of bone marrow has been achieved across species barriers. Congdon and Lor- 
enz in 1954 demonstrated rescue of lethally irradiated mice with unmodified rat 
bone marrow [31]. Donor-specific tolerance to rat skin grafts after lethal irradia- 
tion of recipient mice and reconstitution with rat bone marrow was first demon- 
strated in 1957 [32]. These and other studies were limited by poor survival of reci- 
pients, as well as limited technology for demonstrating species-specific origin of 
myeloid and erythroid cells (i.e., chromosomal morphology at metaphase) [33]. 

Mixed Xenogeneic Chimeras 

The preparation of mixed xenogeneic chimerism with donor-specific tolerance 
and excellent survival of recipients was first reported by Ildstad and Sachs in 
1984 [34]. In that model, lethally irradiated mice were reconstituted with a com- 
bination of 5X10^ T cell-depleted syngeneic (mouse) and 4X10^ T cell-depleted 
xenogeneic (rat) bone marrow cells. These mixed xenogeneic chimeras (mouse 
+ rat mouse. Fig. 1) exhibited excellent survival and some exhibited detectable 
low-level chimerism (o%-2.6% rat). Survival of subsequent donor-specific (rat) 
skin grafts was prolonged. Systemic donor-specific tolerance was also evident in 
vitro, as recipient lymphocytes were specifically unreactive to donor alloantigens 
yet remained responsive to MHC-disparate third-party alloantigens in MLR and 
CML assays. Mixed allogeneic chimeras similarly had excellent survival and 
donor-specific tolerance to skin grafts. Chimerism in these animals occurred at 
a higher level (5%-92%) than in xenogeneic chimeras. The tolerance which 
developed in both groups of chimeras was an all-or-none phenomenon. Animals 
with 0.5 % donor cells were as tolerant as those with greater than 90 % donor 
cells. 

In contrast to mixed chimerism, fully alio- or xenogeneic chimeras are pre- 
pared by lethally irradiating the host and reconstituting only with donor allo- 
or xenogeneic marrow (A— >B). While fully allogeneic chimerism also leads to 
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Fig.1. Mixed xenogeneic chimerism (rat + mouses rat) 



donor-specific tolerance, complete replacement of the recipient’s immune system 
is associated with a state of relative immunoincompetence [35-37], and recipi- 
ents are prone to graft-versus-host disease (GVHD) [38]. A clear advantage of 
mixed allogeneic chimerism is improved immunocompetence and lack of sus- 
ceptibility to GVHD relative to fully allogeneic chimeras. An explanation for 
this difference is found by considering T cell development in a foreign host. In 
fully allogeneic chimeras, nascent T cells undergo education and development 
in a foreign (host) thymic environment and emerge restricted to recognizing 
antigen in the context of host MHC on antigen-presenting cells (APCs). Since 
the recipient has been ablated, the only APCs available express foreign MHC, 
so T cells must see antigen in the context of foreign MHC. Defects in T cell recog- 
nition and activation result in a state of immunoincompetence for all primary 
immune responses (antibody production, antiviral reactivity) and therefore 
decreased survival. 

Mixed chimerism is associated with engraftment of both host and donor 
pluripotent hematopoietic stem cells, with production of multilineage progeny 
by each of the stem cells. This provides both donor and host APCs with which 
T cells restricted to host APC can interact. Immunocompetence for primary 
immune responses (antibody production, antiviral responses) is thereby pre- 
served. The presence of the syngeneic bone marrow provides the host-type 
APCs essential for full immunocompetence while the allogeneic marrow provides 
a persistent source of antigen for induction and maintenance of donor-specific 
tolerance. 

Mixed xenogeneic chimeras (rat + mouse — > mouse) prepared without T cell 
depletion of the xenogeneic (rat) bone marrow (preserving components essential 
for stem cell engraftment) demonstrate excellent survival, freedom from GVHD, 
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and donor-specific tolerance to skin and islet grafts [39, 40]. Levels of chimerism 
range from 1 %-48 % rat. Xenogeneic T lymphocytes in this model undergo phe- 
notypically normal maturation in the xenogeneic stromal environment: rat T 
lymphocytes with an immature staining pattern are present in the thymus 
while those with a mature phenotype are found in the periphery of a mixed 
xenogeneic chimera [41]. 

The model of mixed allogeneic chimerism has been applied to determine the 
influence of syngeneic and allogeneic components on engraftment, as well as to 
define the role of various cell types in failure of engraftment. The initial mixed 
allogeneic chimerism model (A -l- B ^ A) incorporated T cell depletion of both 
syngeneic (A) and allogeneic (B) components of bone marrow. When the syn- 
geneic component was not T cell depleted (irrespective of whether the allogeneic 
component was T cell depleted), recipients repopulated exclusively with host-type 
cells [35]. This suggested the existence of an alloreactive component in the syn- 
geneic marrow that prevented allogeneic marrow engraftment and which was 
functionally removed with T cell depletion. 

T cell depletion of the syngeneic component of the mixed marrow inocula per- 
mitted engraftment of the allogeneic component, whether or not it had been T 
cell-depleted. In combination with untreated allogeneic marrow, recipients repo- 
pulated exclusively with donor-type cells, whereas when both syngeneic and allo- 
geneic bone marrow were T cell depleted, the recipients repopulated as mixed 
donor/host chimeras with variable percentages of donor and host-type lymphoid 
elements. In all cases the engraftment of allogeneic bone marrow was associated 
with specific tolerance to allogeneic skin grafts. 

The fact that T cell depletion of donor marrow in both allogeneic and xeno- 
geneic systems somehow impaired subsequent engraftment suggested the exis- 
tence of cells in bone marrow which express T cell markers and exert a facilita- 
tory effect on engraftment. Such observations are in accord with the experience 
in clinical bone marrow transplantation. Realization that T cells were the primary 
effector of GVHD stimulated clinical trials aimed at preventing GVHD by T cell 
depletion of the bone marrow. While the incidence of GVHD was decreased, 
the benefit was offset by a substantial increase in failure of engraftment [42, 
43]. GVH activity and facilitation of engraftment were deemed inseparable, 
and further efforts to perform T cell depletion of donor marrow were abandoned. 

The model of mixed allogeneic chimerism is an ideal one to study because the 
endpoint measured is the level of chimerism, rather than death. In studies of the 
engraftment “facilitating” effect, a model of allogeneic chimerism was established 
in which the majority of lethally irradiated recipients repopulated with low levels 
of donor cells (a ratio of 1: 1 T cell-depleted syngeneic to T cell-depleted allo- 
geneic cells resulted in a mean 17% level of allogeneic chimerism) [44]. Rare 
events multiparameter live sterile cell sorting was utilized to isolate specific, 
highly purified subpopulations of bone marrow cells which could then be 
added back to the above system to determine if this population enabled engraft- 
ment of stem cells in allogeneic recipients. A “facilitating cell” population char- 
acterized by the presence of specific cell-surface markers, including 003*^, CD8^, 
CD45“^, CD45R'^, class II dim/intermediate, but T cell receptor (TCR)" was iden- 
tified. Ten thousand allogeneic stem cells alone will not rescue a lethally irra- 
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Fig. 2 . Major histocompatibility complex (MHC)-matched facilitating cells permit the engraftment 
of allogeneic stem cells 



diated recipient; however the addition of as few as 30 000 purified facilitating 
cells permits reliable engraftment. Importantly, the facilitating cell and the 
stem cell must be MHC matched for this effect to occur (Fig. 2). 

Recipients of the facilitating and stem cell inoculum demonstrated durable 
multilineage allogeneic engraftment, confirming that the pluripotent hemato- 
poeietic stem cell had indeed engrafted without GVHD. The identification of 
a facilitating cell population may allow selective graft engineering in bone mar- 
row transplantation, such that cells mediating GVHD can be selectively removed 
while stem cells, progenitors, and those cells mediating the facilitating effect 
preserved. The scope of bone marrow transplantation may be widened to 
include induction of donor-specific transplantation tolerance for xeno- and allo- 
transplantation as well as its application to nonmalignant disease states includ- 
ing various enzyme deficiency states, hemoglobinopathies, and autoimmune dis- 
orders. 

Nonlethal Conditioning 

While bone marrow transplantation and the development of donor-specific tol- 
erance is an attractive strategy to permit xenotransplantation, the requirement 
for lethal irradiation of the recipient has its significant toxicity and limits clin- 
ical applicability. This has stimulated efforts to achieve bone marrow chimerism 
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with nonlethal conditioning of the recipient. A number of nonlethal methods 
for producing mixed chimerism and donor-specific tolerance have been 
described. 

Monaco and Wood were the first to demonstrate that infusion of large num- 
bers of lymphoid cells during a state of immunosuppression induced by adult 
thymectomy and anti-lymphocyte serum produced specific tolerance and long- 
lasting lymphohematopoietic cell chimerism [45]. Tolerance was achieved in a 
single-MHC-mismatched parent ^Fi model, but similar efforts in fully mis- 
matched models were hampered by GVHD and were unsuccessful. A radiation- 
free model has been described by Muyami and Good, in which tolerance to 
MHC-disparate skin grafts was achieved with in vivo recipient depletion with 
anti-Thyi.2 monoclonal antibodies followed by infusion of spleen and bone mar- 
row cells as well as cyclophosphamide. Levels of chimerism were low (1 %-3 %), 
and the requirement for large numbers of allogeneic spleen cells and thus a high 
risk of GVHD would make such a model impractical for clinical application [46]. 
Cobbold et al. were able to achieve tolerance across MHC barriers using deplet- 
ing anti-CD4 and anti-CD8 monoclonal antibodies, but required sublethal doses 
of radiation (600 cGy) to reliably achieve this effect [47]. 

Sharabi and Sachs lessened the requirement for total body irradiation to 
300 cGy in a similar model using 700 cGy thymic irradiation in combination 
with anti-CD4 and anti-CD8 monoclonal antibodies [48]. Extension of this tech- 
nique to a xenogeneic (rat ^ mouse) model required the addition of anti-NKi.i 
and anti-Thyi.2 antibodies in order to achieve reliable engraftment [49]. 
Although significant xenogeneic chimerism was initially achieved, levels declined 
and by 6 months were undetectable. Donor-specific tolerance for skin grafts was 
present. Further observations showed a significant attenuation of the humoral 
response against rat bone marrow cells, suggesting that a degree of humoral tol- 
erance in addition to cellular tolerance had been achieved [50]. 

In our own hands, a total body irradiation (TBl) -based model for incomplete 
recipient myeloablation was first established in an allogeneic model [51]. The 
incidence and level of chimerism in a mixed allogeneic model were determined 
at various levels of TBL Durable engraftment of MHC-disparate bone marrow 
occured in 100 % of recipients at 700 cGy, 51 % at 600 cGy, 13 % at 500 cGy, and 
none at 400 cGy TBL When cyclophosphamide, an alkylating agent widely 
used for cytoreduction in preparation for bone marrow transplantation, was 
administered in combination with radiation, substantially lower doses of radia- 
tion (500 cGy) were sufficient to permit reliable engraftment. Finally, addition 
of antilymphocyte globulin (ALG) to the above model reduced the radiation 
requirement further to 300 cGy [52]. This regimen was non-myeloablative and 
nonlethal, as 100 % of animals so treated and not given bone marrow repopulated 
with syngeneic cells and survived. The chimerism produced in this model was 
stable, multilineage, and conferred donor-specific tolerance to skin and cardiac 
allografts. A similar, nonlethal conditioning regimen has recently been applied 
to the xenogeneic model. Mice conditioned with 700 cGy TBl and transplanted 
with untreated rat bone marrow developed permanent (stable) multilineage 
chimerism and demonstrated donor-specific tolerance to simultaneous islet xeno- 
grafts [53]. 
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Human->Baboon Mixed Xenogeneic Chimeras 

Recent efforts in our laboratory have been directed at preparation of hu- 
man->baboon mixed xenogeneic chimeras. The establishment of a human 
immune system in a large primate model would provide an experimental 
model for a number of disease states, including human immunodeficiency 
virus (HIV) infection. Human marrow enriched for both stem and facilitating 
cell phenotypes is given to a nonlethally conditioned baboon. Dose-escalation 
studies are currently in progress. We have established that baboons tolerate the 
infusion of large doses of human marrow without toxicity. Preliminary results 
suggest that human chimerism at levels as high as 20 % is achievable in this 
model [54]. Conversely, transplantation of baboon marrow (which is resistant 
to infection with HIV-i) into a human with late-stage acquired immunodeficiency 
syndrome (AIDS) might restore the recipient’s immunocompetence. This thera- 
peutic strategy is being explored in pilot clinical studies. 



Comment 

The benefits of xenotransplantation include a large supply of organs, the oppor- 
tunity to modify organs prior to transplant, and the resistance of certain species 
to common human pathogens, such as hepatitis and HIV. In order for these 
benefits to be realized, the xenogeneic immune response must be harnessed. 
Donor-specific transplantation tolerance following successful engraftment of 
xenogeneic hematopoietic stem cells offers a unique solution to the daunting 
problem of vigorous xenoreactivity. 
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Xenotransplantation of pancreatic islets offers the possibility of a cure for dia- 
betes mellitus. There are over loo million people with diabetes in the world, 
and the incidence levels continue to increase by approximately 2% per year. In 
patients with insulin-dependent diabetes mellitus (IDDM), there is a marked 
decrease in the number of insulin-producing beta cells in the pancreas. In the 
past, animal or recombinant human sources of insulin have provided the repla- 
cement therapy required by these patients. Unfortunately, injected insulin cannot 
precisely mimic the ability of the normal pancreas to regulate blood glucose con- 
centrations. The concentration of insulin in the blood is normally linked to the 
blood glucose concentration by moment-to-moment fluctuations in insulin secre- 
tion by the beta cells of the pancreatic islets. These fluctuations in insulin secre- 
tion, which serve to control blood glucose concentrations, are dependent upon a 
complex series of biochemical pathways in the living beta cell, and are extremely 
difficult or impossible to simulate by insulin injection. The results of the Dia- 
betes Control and Complications Trial (DCCT) suggest that failure to achieve 
physiologic glucose control with injected insulin is responsible for the serious 
complications of this disease including diabetic nephropathy, retinopathy and 
neuropathy [1]. 

There is hope that the transplantation of islets of Langerhans will not only 
eliminate the need for daily insulin injections, but will prove effective in prevent- 
ing or retarding the development of complications associated with the disease. 
Unfortunately, like other human organs, donor pancreases are in very short sup- 
ply. In the United States, it is estimated that only approximately 1000 pancreases 
are recovered each year. Even with improved procurement of human organs, the 
supply of donor tissue would remain quite inadequate if pancreatic islet trans- 
plantation were to be developed as an effective therapy. For the immediate future, 
the logical alternative is to use nonhuman donor islets. For example, methods 
have been developed to isolate pancreatic islets from porcine and bovine glands; 
insulins from these animals are fully active in man and have been used to treat 
diabetics for over 70 years. Pig and cow islets are an attractive option because 
they are readily available and the amino acid sequences of these insulins are 
similar to human insulin. Furthermore, herds of specific pathogen-free (SPF) ani- 
mals are already available as a potential safeguard against the transfer of infec- 
tious organisms to human islet recipients. 

Although fundamental advances in our understanding of the human immune 
system and the immune rejection process may eventually lead to means for devel- 
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Oping therapies which will overcome the vigorous humoral and cellular immune 
responses associated with the transplantation of xenogeneic tissues, many of 
these solutions are likely to be decades in the future. Immunoisolation [2] and 
immunomodulation [3] techniques offer great promise for solving this problem 
in a reasonable time frame, and may, in the next several decades, prove the 
only way to establish prolonged survival of islet xenografts. Islets offer an advan- 
tage in this respect; the tissue can be maintained and manipulated more easily 
than whole organ grafts and may allow several approaches for the induction of 
tolerance to be linked together resulting in a more effective therapy [4]. More- 
over, the opportunity for encapsulation of islet tissue to isolate it from the 
immune system of the host by a selectively permeable membrane may allow 
the xenotransplantation of islets to be achieved without generalized immunosup- 
pression [5]. 

Much experimental work is currently in progress exploring these approaches 
for transplanting islet xenografts. For the most part, these studies involve trans- 
plantation of concordant islets into rodents, although work exploring immunoi- 
solation strategies for transplanting discordant islets is also underway in both 
rodents and dogs. In this brief introduction, we will simply touch on some of 
the broader strategies that have been explored in experimental models of islet 
xenotransplantation. More detailed discussions of some of these approaches 
will be furnished by the other chapters in this book. 



Immunomodulation 

A number of strategies have been developed to reduce the immunogenicity of iso- 
lated islet tissue prior to transplantation (Fig. 1). These include culturing the 
islets under different conditions [6-8], exposing the islets to ultraviolet B (UV- 
B) irradiation [9], and pretreatment with antibodies to either eliminate passenger 




Pretreatment of donor islets 




Fig.l. Immunomodulation. A number of pretreatment strategies have been developed to reduce 
the immunogenicity of islets prior to transplantation. These include culturing the islets under 
different conditions, exposing the islets to ultraviolet B irradiation, and treatment with antibo- 
dies to either eliminate passenger lymphocytes or to camouflage or mask donor transplant anti- 
gens before transplantation. Other approaches aim to transplant islets to immunologically privi- 
leged sites such as the thymus, testis, or brain. Alternative techniques involve modulating the 
immune system of the host with either drugs, antibodies, or other agents 
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lymphocytes [lo] or to camouflage or mask donor transplant antigens [ii] before 
transplantation. Other approaches aim to transplant islets intrathymically [12] or 
to immunologically privileged sites such as the testis or brain [13]. Alternative 
techniques involve modulating the immune system of the host with either anti- 
bodies, drugs or oral antigens [14-16]. 



Immunomodulation of Islets by Culture 

Culturing islets in hyperbaric oxygen (95 %) or at low temperatures (22^-24 °C) 
has been shown to reduce islet immunogenicity in a number of different rodent 
models [8]. The first attempts to use culture at high oxygen concentrations to 
reduce the immunogenicity of donor tissue were reported in the mid-1970s, 
when it was demonstrated that this technique could prolong survival of both 
thyroid allografts [17] and thyroid xenografts [18]. Subsequent experiments 
using islet xenografts cultured in high or at low temperature were also suc- 
cessful [6]. To date, however, the utilization of this procedure has been limited 
to studies in rodents. The reason for the beneficial effects of these various cul- 
ture procedures is unclear. One well accepted theory, initially proposed by 
Snell [19] and later strengthened by Lafferty et al. [20], suggests that these 
approaches act on major histocompatibility complex (MHC) class 11-positive 
antigen-presenting cells (APCs) carried in the islet tissue. Both high oxygen ten- 
sion and low temperature are known to exert a deleterious effect on the resident 
leukocytes, most commonly referred to as passenger leukocytes; the passenger 
leukocyte-depleted islet graft is then unable to initiate a rejection response, 
although rejection will occur if the immune system of the recipient is deliberately 
activated by challenge with donor leukocytes or a skin graft [21, 22]. 



Immunomodulation of Islets by Ultraviolet B Irradiation 

The effects of ultraviolet B irradiation (290-320 nm) on donor/host immunogeni- 
city and on the downregulation of host immune responses has also been studied 
by several groups [23, 24]. Hardy et al. [25] have shown that the state of hypor- 
esponsiveness or anergy induced by exposing islet allografts to UV-B irradiation 
is also beneficial in reducing xenograft immunogenicity. UV-B irradiated rat 
islets were successfully xenotransplanted into streptozotocin-induced diabetic 
mice. The islets were accepted by Bio/BR recipients (low responder), while 
high-responder Balb/C mice showed only modest prolongation of islet xenograft 
survival. Although the underlying mechanism(s) of the UV-B effect on APC func- 
tion is poorly defined, recent studies suggest that impairment of accessory cell 
function is due to defect(s) at the molecular level [9]. 
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Antibodies Directed to Major Histocompatibility Complex Determinants 

Antibodies are another mode of therapy that have been used to prevent graft 
rejection of both islet allografts and xenografts [ii]. There are three contrasting 
immunological targets for immune interference using antibodies: (i) the admin- 
istration of antibodies to the host to inactivate or destroy the host’s T cells, (2) 
the use of antibodies to eliminate specifically passenger lymphocytes from the 
donor tissue prior to transplantation, and (3) the use of nonlytic antibodies to 
camouflage or mask donor transplant antigens prior to transplantation. Using 
the latter approach, Faustman et al. [26] prevented human islet xenograft rejec- 
tion in murine recipients without immunosuppression by masking donor HLA 
class I antigens. Although masking all donor surface molecules with nonlytic 
polyclonal serum similarly allowed long-term survival, other less dense surface 
proteins such as lymphocyte function-associated antigen (LFA)-3 and intercellu- 
lar adhesion molecule (ICAM)-i played a less important role and allowed less 
extended survival when masked prior to xenotransplantation. 



Intrathymic Islet Transplants and Systemic Tolerance 

The use of the thymus as a site of pancreatic islet transplantation is based on 
several morphologic and functional attributes [12]. Anatomic data suggest that 
the thymic parenchyma is relatively sequestered from peripheral immune surveil- 
lance [27, 28]. Furthermore, the thymus is known to play a central role in the 
acquisition of T cell tolerance to self-MHC and non-MHC antigens [29]. The abil- 
ity of the thymus to promote indefinite survival of rat islet allografts and render 
recipients unresponsive to donor alloantigens led Mayo et al. [30] and others [31] 
to evaluate the capability of the thymus to promote survival of concordant islet 
xenografts (rat-to-mouse). In these experiments, it was demonstrated that the 
thymus provided a similar degree of protection to the xenografts, and that 
long-term residence of intrathymic islet xenografts promoted the development 
of a donor-specific unresponsive state. The mechanism of the induction of this 
unresponsive state to xenogeneic antigens remains uncertain, although it may 
be due to deletion or functional inactivation of xenoantigen-reactive T cell clones 
[30]. 



Islet Xenotransplantation to Other Immunoprivileged Sites 

In addition to the thymus, there are a number of other immunologically privi- 
leged sites that have been explored for purposes of experimental islet transplan- 
tation. These include the anterior chamber of the eye, the cheek pouch of the 
hamster, the brain and cerebrospinal fluid (CSF) space, and the testis [13]. Of 
course, only the latter two sites have direct clinical potential. Tzu et al. [31] 
have shown prolonged survival of rat islet xenografts in the brain and in the 
intrathecal/subarachnoid space of monkeys, and Selawry et al. [32] have demon- 
strated the long-term survival of hamster islets in the testes of rats treated with 




538 



R.P. Lanza and W.L. Chick 



cyclosporine. More recently, the latter group has demonstrated extended survival 
of discordant islet xenografts (pig to rat) without sustained immunosuppression 
using a composite of islets and Sertoli cells [33]. The authors believe this immu- 
noprotection was provided by a substance or substances secreted by the Sertoli 
cells. 



Modulation of the Immune System with Antibodies and/or Drugs 

Islet xenograft survival has been prolonged in various animal models using a 
wide range of immunosuppressive agents, including cyclosporine [34-36], 15- 
deoxyspergualin [37, 38], FK506 (tacrolimus) [39], leflunomide [40, 41], antilym- 
phocyte/antithymocyte serum [42, 43], CTLA4lg [44, 45], and monoclonal anti- 
bodies directed against CD4 and CDS epitopes [35, 46, 47] among others [14]. 
Unfortunately, use of these agents is associated with a variety of problems [48, 
49], and some of them, including cyclosporine [50-53] and FK506 [54, 55], 
have dose-dependent deleterious effects on glucose homeostasis and beta cell 
function. 



Immunoisolation 

A number of immunoisolation systems have been developed and refined during 
the past several decades which have set the stage for a quantum advance in cell 
and tissue transplantation. These systems, may, during the next several decades, 
prove the best way to establish prolonged survival of cell and tissue xenotrans- 
plants in patients with diseases caused by the loss of specific vital metabolic 
functions. In addition to diabetes, they have broad application to treating 
major diseases such as cancer and acquired immunodeficiency syndrome 
(AIDS) and a wide range of other disorders resulting from functional defects 
of native cell systems [5]. These include the use of (a) hepatocytes in the treat- 
ment of liver failure and enzymatic defects [56-62], (b) adrenal cells in Parkin- 
son’s disease [63-65], (c) cells which produce nerve growth factors in Alzheimer’s 
disease [66-68], epilepsy, Lou Gehrig’s disease, Huntington’s disease [69-71], 
spinal cord injuries [72], and strokes, (d) cells which produce clotting factors 
VIII and IX in hemophilia [73, 74], and (e) endocrine cells in other disorders 
resulting from hormone deficiency [75, 76]. Moreover, by using recombinant 
DNA and cell engineering technologies in conjunction with encapsulation tech- 
nologies, it should also prove possible to treat patients suffering from chronic 
pain [65], Kaposi’s sarcoma, and various hematologic disorders. 

To date, most of the research in the area of encapsulated cell transplantation 
has been carried out with pancreatic islets. There are several reasons for this: (a) 
diabetes is a leading cause of morbidity and mortality in the world, at a cost of 
approximately $94 billion in the United States alone, (b) pancreatic islets, which 
comprise only i%-2% of the human adult pancreatic volume, can be isolated 
from animal sources, and (c) the quantity of differentiated islet tissue to be 
transplanted is within a reasonable range (less than ig). 
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Three major types of encapsulation system have been studied by our own and 
other groups (Fig. 2). These include devices anastomosed to the vascular system 
as arteriovenous (AV) shunts, hollow fibers and wider-bore membrane diffusion 
chambers, macroporous membrane devices, and microcapsules and reactors. Islet 
xenotransplantation studies in diabetic rodents and dogs indicate that these sys- 
tems can function for periods of several months to more than lyear [2, 77]. How- 
ever, clinical application of these devices is hindered in many cases by problems 
such as fragility, limited surface area, and, in the case of perfused vascular 
devices, the surgery required for implantation and shunt connection with risks 
of hemorrhage, thrombosis, embolism and infection, and the relatively high dif- 
fusion resistance inherent in the plastic membranes. We have recently developed 
a microencapsulation technology that bypasses these problems and provides 
more options for the method and site of implantation. These biodegradable 
microreactors can simply be injected under the skin, or placed intraperitoneally 
or in other extravascular sites using a needle and syringe. These studies will be 
discussed in greater detail in the proceeding section (see Chap. 43). 



Fig. 2. Immunoisolation. In the 
form of a vascular implant, 
islets can be distributed in a 
chamber surrounding a perm- 
selective membrane, and the 
device implanted as a shunt in 
the vascular system. Alterna- 
tively, islets can be immunoi- 
solated within membrane dif- 
fusion chambers or 
microcapsules and placed 
intraperitoneally, intramuscu- 
larly, subcutaneously, or in 
other sites. The islets within 
these devices are generally 
immobilized in hydrogels such 
as alginate or agar. One of the 
important functions of these 
gels is to provide more uni- 
form islet distribution by 
preventing settling and sub- 
sequent aggregation of the 
tissue into larger, necrotic 
masses. (Reprinted with per- 
mission from [5]) 
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Comment 

Studies involving transplantation of human islets in type I diabetics have been of 
significant value both in documenting the potential importance of islet trans- 
plantation as a therapeutic modality, and in defining some of the problems 
which must be overcome before this approach can be used in large numbers 
of patients. The currently limited supply of adult human pancreatic glands, 
and the fact that multiple glands may be required to isolate sufficient numbers 
of islets to treat a single patient, indicate that techniques must be further devel- 
oped and refined for xenografting of isolated islets from animal sources to dia- 
betic patients. Development of methods for propagating islets in culture, 
although still at an early stage, are likely to resolve the problem of islet procure- 
ment in the more distant future. 

Techniques for transplanting islets must overcome both classical immune 
rejection of transplanted cells and tissues, and autoimmune destruction of beta 
cells known to occur in type I diabetics. Islet transplantation should be simple 
and practical, and should be associated with minimal side effects. Finally, the 
approaches developed must not produce islet damage or dysfunction. 

An increasing body of evidence involving islet transplantation in animals 
using immune isolation and immune modulation strongly suggests that methods 
for successful xenografting of islets in diabetic patients will be developed and 
tested during the next several years. This is certain to revolutionize current ther- 
apy for this disease. Looking back over the past 75 years since the discovery of 
insulin, few would disagree that this revolution is long overdue. 
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Introduction 

At present, short-term success has been obtained with isolated pancreas islet 
allografts [i, 2]. Clinical success has not been obtained with islet xenografts, 
although at least one study suggests that the human immune response to islet 
xenografts may be no stronger than that to allografts in some instances [3]. 
Recent advances in both islet isolation techniques and suppression of xenogeneic 
immune reactivity have provided a measure of optimism regarding the future of 
islet xenografting which was not previously appropriate. 

Isolated islet xenografts have a multitude of advantages over islet allografts. At 
present, islet xenografting is the only realistic hope for the widespread applica- 
tion of pancreas islet replacement therapy. The limited application of whole- 
organ pancreas allografting to type I diabetes is starkly evident when one con- 
siders that there are currently a million or more diabetics in this country who 
could potentially benefit from islet replacement therapy and that only 500 or 
so whole-organ pancreas allografts were performed in 1995. Human organ 
donor shortage severely limits all areas of human organ transplantation but is 
a particular problem with islet transplants since the shortage of human pan- 
creases is especially acute. In addition, problems with efficiency in islet isolation 
will probably result in a need for a minimum of two human donors per recipient. 

Islet xenografting using discordant donor species, preferably animals which 
are freely slaughtered for food, provides an immense potential for application 
of islet replacement therapy to the problem of human type I diabetes. It seems 
probable that virtually unlimited donor islets could be made available and, at 
the same time, the many thorny ethical and cost-effective issues involving use 
of human donors would be obviated. Islet xenografting has recently been demon- 
strated to represent a unique paradigm for xenografting in that isolated islets 
from discordant species do not apparently suffer a high rate of hyperacute or 
accelerated rejection if effective immunosuppression is given. This important 
matter will be discussed in more detail later using discordant pig donor islet 
models as examples. 

Historically, clinical islet xenografting is now nearly 100 years old, since the 
first recorded clinical islet xenotransplant of a minced sheep pancreas was per- 
formed in 1893 [5]- Modern progress in islet xenografting, however, has only 
occurred within the last 20 years. In 1975, Weber et al. reported a unique xeno- 
graft, placing piscine (fish) islets into rats, with short-term function in irradiated 
hosts [6]. Eloy et al. in 1979 reversed diabetes in rats on a short-term basis with 
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chicken embryo free pancreas grafts [7]. The first successful islet xenografts sur- 
viving for more than 50 days with good function were reported in 1980, and this 
is essentially the beginning of the modern era in islet xenografting [8]. 

To our knowledge, there are no published articles devoted entirely to pancreas 
islet xenografting, so this review, hopefully, will provide a more complete over- 
view of this developing field. 



Pancreas Islet Isolation For Xenografting 

Effective and efficient techniques for the isolation of islets are essential to both 
allografting and xenografting. The two major parameters against which islet iso- 
lation techniques are measured are the purity and quantity of well-functioning 
isolated islets obtained. In human allografting, the quantity or efficiency of iso- 
lation can be critical because of donor shortfalls. Efficiency is often less critical 
in xenograft donors lacking ethical or cost-effective restrictions. Purity in isola- 
tion would appear to be a virtue in both allotransplantation and xenotransplan- 
tation since the vigor of the rejection response, as well as problems of primary 
nonfunction, appear at least partially related to islet contamination by exocrine 
tissue and the resulting inflammation response, insulitis, and islet injury [9, 
10]. Thus, this discussion is pertinent to allografting or xenografting, but it 
will be focused on isolation factors most germane to xenografting. 

In 1965, Moskalewski reported the isolation of guinea pig pancreatic islets by 
collagenase digestion. In 1967, Lacy and Kostianovsky reported on the use of col- 
lagenase and a Ficoll density gradient to isolate intact islets from the rat pancreas 
[11]. Lacy was the first investigator to report short-term success in islet xeno- 
transplantation. He reported that low-temperature (24 °C) islet culture (and 
later culture at 37 °C) prolonged survival of xenografts to 50 days when used in 
combination with short-course antilymphocyte serum (ALS) therapy [8]. Pre- 
vious attempts at xenografting of islets were only successful on a short-term 
basis [12]. 

In 1984, Grey et al. introduced an important variant into islet isolation proce- 
dure involving the initial distention of the pancreatic duct with a warm (37°- 
39 °C) collagenase solution together with an initial incubation period under 
these conditions [13]. Although these techniques were described for the human 
pancreas, they were quickly adapted to islet isolation from the nonhuman pan- 
creas. 

In 1988, Ricordi described an “automated” (semiautomated) method for pan- 
creatic islet isolation [14]. The basic features of this procedure are the use of an 
isolation-perfusion chamber into which collagenase at 37 °C is circulated until 
free islets are seen on microscopy. The isolation machine is then switched to fil- 
tration-dilution-cooling phase to protect the islets from overdigestion. In 1990, 
Ricordi published the best description of a reproducible high-yield isolation 
technique for pig islets incorporating a gentle shaking motion of the digestion 
chamber to avoid disruption of the fragile pig islets [15]. Using this technique, 
he showed a yield of 5000-10 000 islets/g tissue - by far the best results recorded 
to date - in a large series of digestion of pig islets. Calafiore has reported similar 
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yields of pig islets using a somewhat different technique with a multienzyme 
digestion and variants in techniques of islet purification [i6]. 

There have been few descriptions of techniques for isolation of the other non- 
human species islets. Lacy described a technique for bovine pancreas islet isolation 
using velcro strips which has been improved upon recently by Hering et al. [17]. 
The utility of bovine islets is questionable because of their peculiar insulin secre- 
tory parameters. The major stimuli for insulin secretion from bovine islets are 
fatty acids, and glucose stimulates insulin release poorly [18]. Thus, it is doubtful 
that these islets would closely replicate human insulin secretion patterns, although 
a recent description of two separate populations of bovine islets responding to 
different physiological stimuli suggests the need to reexamine this matter [19]. 

A number of workers have developed efficient techniques for isolating dog 
pancreas islets. Alejandro has reported a large and excellent experience with 
the dog pancreas [20]. Rajotte et al. have developed techniques for consistent iso- 
lation of large volumes of dog islets (2000-5000 islets/g pancreatic tissue) [21]. 
This group has also developed techniques for reliable cryopreservation of islets 
permitting the retained viability of the islets after thawing [22]. 



Immunoisolation of Islet Xenografts in the Recipient 

Immunoisolation is applied here to denote the separation of the donor tissue 
from recipient tissue compartments in which recipient responder cells have full 
access and are fully operational. 



Immunologically Privileged Sites 

One type of immunoisolation has been traditionally termed the “immunologi- 
cally privileged site” (Chap. 15). In the case of xenografts, at least two sites 
have been shown to confer some degree of immunoisolation upon islet xenografts 
- the brain and/or intrathecal space, and the testes. Tzu showed prolonged sur- 
vival of xenografts in the intrathecal space, the subarachnoid space, and in the 
brain [23]. Selawry et al. demonstrated the long-term survival of xenograft islets 
in the tests [24]. Naji has recently demonstrated that the intrathymic space is 
immunologically privileged for islet allografts, and preliminary studies in his 
laboratory have suggested that xenografts may also be immunoisolated in the 
intrathymic space [25]. 

All of these sites pose practical problems for future xenograft application. 
Intracerebral injection poses many potential problems of a complex nature. 
The intrathecal space is perhaps more attractive but also has potential for mor- 
bidity, as does the subarachnoid space. The use of the intrathymic space is com- 
plicated by the involution of the adult human thymus and the associated ques- 
tions concerning its immunological activities in adulthood, any of which could 
be involved in active mechanisms of generating immune tolerance in privileged 
sites. Nevertheless, these privileged sites could well serve as an excellent reposi- 
tory for the small-volume islet xenograft and, therefore, deserve careful study. 
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Bioencapsulation 

The second concept of immunoisolation that has shown promise for xenografting 
of islets is the use of so-called bioencapsulation techniques [26] (Chap. 43). 
While a number of techniques of bioencapsulation or mechanical isolation of 
islets have been demonstrated, the most attractive and promising technique 
would appear to be the use of the bilayered polylysine-alginate membrane. 
This technique, devised primarily by Sun and Lim, places a capsule of polyly- 
sine-alginate around pancreatic islets [27]. As few as one and as many as eight 
to ten islets can be enclosed in the capsules, which are usually 300-800 pm in 
diameter. Nutrients diffuse nicely into the capsule and are available to the islet 
from which insulin (and presumably the other P-cell hormones) diffuses out. 
Immune cells, y-globulin, and even middle molecules such as interleukin-i (IL- 
1) can be shown to be blocked from entering the capsule [28]. Rather remarkable 
survivals of discordant islets have been recorded with bioencapsulation, and the 
function of the islets has also been clearly demonstrated [29]. 

There are a host of potential problems involving these encapsulation mem- 
branes, including their ability to avoid rupture, proteinaceous collections, and 
attachment of immune cells, especially macrophages, on their surface [30]. 
Nevertheless, they are an attractive and novel device for blocking islet xenograft 
rejection. If bioencapsulation has any place in transplantation, it may well be in 
xenografting, where there is a clear and present need for immunoisolation 
because of the hyper-reactive xenogeneic immune responses operative in this 
situation. 



Donor Islet Immunoalteration for Xenografting 

Islet Cell Culture 

Pioneering work by Lafferty et al. in 1975 demonstrated that cultured endocrine 
tissue enjoyed prolonged survival when allografted [31]. He suggested that this 
immunoalteration culture was related to a loss of the so-called passenger leuko- 
cytes, leading to a decrease in what Lafferty has termed “the second signal to 
immune reactivity.” His culture technique was also shown to prolong survival 
of thyroid xenografts [32]. 

In 1979, Lacy et al. reported prolongation of islet allografts by culturing for 
7 days at 24 °C, together with a single injection of rabbit ALS [33]. Without the 
ALS, prolonged survival was not produced, but with the ALS prolongation of 
more than 100 days was achieved. Lacy reported in 1980 a marked prolongation, 
with over 70 % of islet xenografts surviving over 60 days if islets were cultured 
for 7 days at 24 °C, together with a single injection of rabbit ALS [8]. Lacy’s 
group later expanded this work to demonstrate that culture at both 24 °C and 
37 °C was able to produce prolongation of xenografts as well as allografts in a 
number of different models. 

The precise mechanism by which this immunoalteration occurs is not clear, 
and more recent work has suggested that it may be related to either loss of 
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class II surface antigen cells or, in fact, loss of class I donor antigens, which 
could be expected to directly stimulate the CDS cell [34]. There is much evidence 
that xenograft rejection occurs via indirect presentation of antigens and that, 
therefore, the direct stimulation of the CDS cell by a class I antigen would not 
be a major factor in xenograft immunogenicity [35]. 

Despite these uncertainties, it is clear culturing cells does reduce immunogeni- 
city. It should be mentioned that the explanation for this could clearly range 
from the simple to the complex, and that the known reduction in exocrine con- 
tamination of the cultured islets that occurs within 1-2 weeks after initiation of 
culture could well be responsible for the decreased immunogenicity seen. Cer- 
tainly, the cultured cells show none of the hyperimmunogenicity seen with 
fresh islets which results in early rejection (1-3 days) of grafts. Our group has 
recently shown prolonged graft survival with culture for 7-10 days at 37 °C, and 
this is our preference for graft culture prior to xenotransplantation at the present 
time [36]. 



Cryopreservation 

Rajotte’s group has shown that cryopreservation of islets results in immuno altera- 
tion of the donor cells [37]. Again, the precise mechanism by which this occurs is 
not evident. It has been postulated that cryopreservation results in a loss of class 
II antigen cells during the process of freezing and thawing. Because of this, cryo- 
preservation could be utilized in future xenogeneic efforts to provide extra donor 
tissue or donor tissue from multiple sources for elective use, and further study of 
this technique for immunoalteration is clearly desirable. Rajotte’s work strongly 
suggests that the cryopreservation technique needs to be precise in terms both 
of the rapidity of freezing and thawing and of the techniques utilized (such as 
rapid-thaw procedures) in order to provide optimal viability and function of 
the islets. 



Depletion of Antigen-Bearing Cells 

A number of techniques have been used to deplete the class II antigen-bearing 
cells from the islets prior to transplantation [38]. Faustman et al. were able to 
demonstrate significant prolongation of islets with depletion of dendritic cells 
using monoclonal antibodies [39]. Antidendritic cell antibodies and anti-la anti- 
bodies are clearly also useful in depletion of these cells. Recently, this matter has 
become clouded by demonstrations that dendritic cells in fact proliferate locally 
within the tissue and that initial removal of the dendritic cells may be followed 
by a prompt reaccumulation of the cells. Dendritic cells are known to be marrow- 
derived which is a likely source of the repopulation. 

In a novel series of studies, Morris’ group recently demonstrated that dendritic 
cells actually migrate out of the allograft and into the spleen and other extra 
graft lymph node depots [40]. These studies suggest that previous attempts to 
deplete class II cells with antibodies may not have been done in an optimal man- 
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ner. Nevertheless, the results justify optimism in this area, and future studies 
designed to remove class II antigen-bearing cells and/or dendritic cells from 
islet xenografts may yield valuable donor immunoalteration techniques. 



Exposure to Ultraviolet Light 

Hardy's group demonstrated that ultraviolet (UV) light is capable of decreasing 
the immunogenicity of islets in culture [41]. They demonstrated a marked pro- 
longation of islet xenografts following treatment with UV light. The UV light 
treatment is quite simple and, if effective, it could be easily applied to islet ther- 
apy. This is another example of the great potential for application of immunoal- 
teration techniques in xenograft islets, which can be programmed into precise 
protocols of immunoalteration due to the elective nature of the donor islet pro- 
curement and the lack of limits on donor pretreatment. 

In summary, immunoalteration of xenograft islets is a technique with great 
potential for xenogeneic islet transplantation. This is especially so because of 
all of the islet grafts, xenografting lends itself to the widest variety of immunoal- 
teration since it is the most elective of the islet transplant procedures. In con- 
trast, islet allografting, involving as it does the emergent procurement of 
human islet tissue, creates constraints in the ability to electively pretreat islets 
to produce immunoalteration. In addition, the procurement of the pancreas is 
often compromised by the need to use techniques for optimal procurement of 
other organs which may not complement the pancreas procurement. Thus immu- 
noalteration of islets is most applicable to xenotransplantation, and it is likely 
that it will receive its greatest use in this area. 



Immunology and Immunosuppression in Islet Xenografting 

Islet Graft Survival 

Early studies of rodent allografting of islets indicated that the isolated islets 
evoked a strong, early immunological response [6, 9]. This response was mani- 
fested primarily as early nonfunction of the islets or as a pattern of early func- 
tion followed by rapid rejection [10]. Both of these phenomena are quite relevant 
and pertinent to the matter of islet xenografting since heightened immune reac- 
tivity seen in disparate species can be expected to result in a high incidence of 
primary nonfunction and a high rate and tempo of early graft rejection. 

Most early studies in this area were quite discouraging with prolongation of 
grafts beyond 30 days representing, in general, a distinct exception [4]. Recent 
results have provided more optimism concerning the potential for isolated islet 
xenografting between concordant species combinations [8]. Equally encouraging 
have been the reports, such as those of Ricordi et al., in which certain islet treat- 
ments are able to prolong disparate xenografts [43]. The greatest hope is that tol- 
erance to islet xenografts could be induced in a manner similar to reported 
induction of tolerance to islet allografts [44]. 
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Results at the present time have improved, perhaps because of better knowl- 
edge of islet isolation techniques as well as the availability of better immunosup- 
pressive drugs [13]. Recently, rather striking successes with achievement of long- 
term graft survival in the range of more than 200 days without immunoisolation 
have been obtained. Of immense interest also is the recent description of func- 
tional tolerance of islets whereby islets retain function over 200 days after discon- 
tinuance of all immunosuppression. 



Importance of Experimental Methodology 

Many studies of islet xenografting are compromised by experimental techniques 
and reporting peculiarities. A number of studies have looked at islet xenografting 
but have not serially measured the blood glucose levels following xenotransplan- 
tation. This is regarded by many investigators as an inappropriate omission, 
especially since it is such an easy thing to do. In many of these xenograft models, 
reversal of hyperglycemia with proven lack of function of native islets previously 
treated with streptozotocin (STZ) has not been demonstrated clearly. It is sin- 
cerely hoped that future studies in this area will all include a clear demonstration 
of islet function by serial monitoring of blood glucose. 

The matter of the possible return of islet function following STZ treatment is a 
highly problematic one [4, 46-48]. There seems to be no question that many of 
the animals do have return of their native islets and, therefore, it is necessary to 
demonstrate that the euglycemia is related to function of the islet transplant and 
not the native islets. In some studies it has been clearly shown that this is pre- 
cisely what has happened to maintain hypoglycemia in the late posttransplant 
period [48]. Often, islet function returns at about 100-120 days after transplanta- 
tion following STZ treatment. The demonstration of clear-cut rejection of pan- 
creas islet transplants by the development of hyperglycemia for a period of 
time, which may later revert to euglycemia, is strong evidence that the native 
islets have resumed functioning. Thus euglycemia in the late posttransplant per- 
iod does not rule out the possibility of late return of function of native islets later 
after STZ treatment [49]. 

Reach’s group has recently demonstrated a nice technique using high-perfor- 
mance liquid chromatography (HPLC) to separate pig insulin from rat insulin, 
and to demonstrate that late insulin secretion is related to the transplanted islets 
(pig insulin) and not due to the native rat islets (rat insulin) [50]. Our group has 
accomplished similar studies using rat C peptide which has less than 1% cross- 
reactivity with pig C peptide. Together with the pig and rat insulin levels, the rat 
C peptide studies can be combined to establish from what source the insulin is 
being secreted. 



Immunosuppression 

Immunosuppression for pancreas islet xenografts is a poorly developed area. A 
number of studies have shown that cyclosporine (CsA) only poorly prolongs 
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xenograft islet survival [51, 52]. Nakajima et al. showed that total lymphoid irra- 
diation (TLI) would prolong pancreatic xenografts to the range of 30 days [53]. 
Lacy’s group has demonstrated prolongation of concordant xenografts with the 
use of an LT34 monoclonal antibody [54]. FK506 prolongs islet grafts but, like 
CsA, has inherent islet cell toxicity [56]. 

Thomas et al. recently reported prolongation of survival of pig islet xenografts 
to over 200 days in strong-responder Lewis rats [57]. In addition, pig xenografts 
have been prolonged in nonobese diabetic (NOD) mice and functional tolerance 
of these discordant xenografts has been reported using rabbit antithymocyte glo- 
bulin (RATG) and 15-deoxyspergualin (DSG) [58]. Islet cell function was observed 
for 12-14 weeks in these recipients which were given a combination of RATG and 
DSG, with or without splenectomy. This combination looks to be the most pro- 
mising one for current treatment of islet xenografts. DSG has been previously 
shown by our group and others to be a quite effective suppressive agent for xeno- 
grafts [58]. 

Lack of knowledge of the immune mechanisms of islet xenograft rejection is a 
major impediment to development of better immunosuppression. The role of 
humoral antibody in islet destruction has not been well-established. Naji, Barker, 
and coworkers have shown that islets appear to be more sensitive to antibody 
destruction than, for example, comparable grafts of skin [59]. Delmonico’s find- 
ings, however, do not support this concept [60]. Our own results, showing a low 
rate (<40%) of primary nonfunction and also a low rate (<io%) of early graft 
rejection of pig islets grafted to Lewis rats which have high levels of anti- 
donor preformed antibodies, support Delmonico’s findings, but this area requires 
further, more detailed, study. 

A number of studies have suggested that the macrophage may be important in 
islet xenograft rejection. This would explain the effectiveness of DSG in prevent- 
ing islet rejection since this agent is known to have anti- macrophage activity 
[58]. Studies have also shown that CDq"^ cells are prominent in islet allograft, 
as well as islet xenograft, rejection [55]. Studies of nonislet xenografts have sug- 
gested a possible role for antibody-dependent cellular cytotoxicity (ADCC), nat- 
ural killer (NK), killer (K), or lymphocyte-activated killer (LAK) effector cells in 
xenograft rejection, but little is known of the role of these cells in islet xenograft 
rejection. Other studies using skin and heart xenografts have not accorded the 
NK cell a central role in xenograft rejection. 

Islet cells, both allografts and xenografts, are apparently injured and destroyed 
by inflammatory reactions consequent to contamination of the islet preparation 
by pancreatic exocrine cells, leading to a severe inflammatory response [10]. 
Hence, the importance of purity in islet preparations is paramount. The ability 
of depletion of class II antigens to prolong islet xenografts is in keeping with 
the suggestion by Auchincloss that indirect antigen presentation is a major 
mechanism in xenograft rejection [35]. Hopefully, future studies will develop bet- 
ter conceptual schemes of islet xenograft rejection. 
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Practical Considerations in Islet Xenografting 

Site of Placement of Islet Xenografts 

Currently, there is a preference for the intraportal placement of islet xenografts, 
but the intrasplenic placement, as well as the renal subcapsular placement, have 
also received a great amount of attention. The renal subcapsular placement, 
despite its unphysiological nature (drainage into the systemic venous circula- 
tion), has produced consistently good results in xenografting and, in fact, in 
some authors’ studies, the results are superior to those seen with intraportal pla- 
cement. Intrapancreatic placement is a novel concept, recently tested. 

Intraportal placement has much to recommend it, including the physiological 
nature of the placement, with drainage of secreted insulin into the portal bed 
and, hence, to the liver, to where it would normally be secreted [62]. By adding 
a small laparotomy incision in which the omentum is brought up into the wound, 
the islets can be placed intraportally by injection into an omental vein or a 
mesenteric vein through the same incision used for a kidney transplant. The 
intraportal placement can also be accomplished by cannulation of the obliterated 
umbilical vein, which drains into the left portal vein, or the percutaneous place- 
ment of islets into the portal system under fluoroscopic or ultrasonic guidance. 

The intrasplenic placement is a procedure midway between portal placement 
and a more distal splanchnic placement. There is evidence that many of the islets 
placed into the spleen, especially if placed into a clamped arterial pedicle, will 
reflux into the portal system or later migrate to the liver [63]. 

Placement of the islets directly under the kidney capsule of the transplanted 
kidney could potentially permit the biopsy of these islets clinically. This may 
be an important consideration because little thought has been given at present 
to the problem of rejection of islets, diagnosis of rejection, and the need to mod- 
ulate immunosuppression to reverse rejection. It should be remembered that, in 
allografting where immune reactivity is even less than that in the xenograft, sur- 
vival of kidney transplants, for example, could be as low as 10 % if we did not 
have the capability to reverse rejection crises after diagnosing them by adminis- 
tering large doses of steroids and other immunosuppressive agents. In short, 
there are multiple factors which may provide important considerations in the 
placement of islet xenografts. 



Repeated Administration 

Another technical consideration which seems destined to come to the forefront in 
islet xenografting, because of the ease of application to xenografting, is the mat- 
ter of administration of large numbers of donor islets or repeated injection of 
donor islets [65]. In a number of clinical cases to date, advantage has been 
taken of the easy opportunity to simply do another islet injection should the 
first injection prove to be (a) of borderline adequacy for maintenance or normo- 
glycemia, or (b) simply inadequate, or (c) rejected. In the longest surviving 
patients in the St. Louis and Miami series, second islet injections were given 
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after prolonged survival after the first islet injection, and these appeared to 
restore normoglycemia [66, 67]. 

If one reasons from the parallelism drawn by Teraski’s group between the 
length of function of the first and the second allograft, one could reason that 
long- surviving first xenografts might well presage a long-surviving second, 
repeat xenograft [68]. In the case of xenografts, this principle could be easily 
exploited because of the essentially unlimited availability of donor islets. 



Use of Multiple Donors 

Another matter which deserves future consideration is the consideration of mul- 
tiple donors brought forth by Monaco’s group [69]. This group has achieved 
superior results in rodent xenografting, using islets from multiple donors. The 
theoretical basis for this is not certain [70]. Regardless of the conceptual scheme, 
the experimental facts indicate this system may be valuable. 

This system, again, would have unique application to xenografting, since it 
would be possible to simultaneously graft islets with antigens of marked anti- 
genic disparity, such as a bovine graft with a pig graft or a sheep graft. This, 
again, illustrates one of the major advantages of xenografting over allografting 
in that the amount and variety of donor tissue available for grafting is large 
and provides many potential options. 



Possibility of Ex Vivo Pretreatment 

As a clinical surgical procedure, islet xenografting has a number of unique prop- 
erties. In contrast to a cadaver allograft, an islet xenograft is an elective surgical 
procedure. The procedure can be scheduled well in advance and, in the usual 
situation where donor islets are maintained in culture, one would schedule the 
procedure some 5-10 days in advance, when the availability of islets was antici- 
pated. The entire procedure would be quite leisurely and orderly and would 
even involve lengthy final testing of the islet preparation over perhaps a 2- or 
3-day period before the final decision is made to transplant the islets. 

This completely elective nature of the xenograft procedure also makes it pos- 
sible to engage in novel and unusual ex vivo pretreatment of the donor islets, as 
well as recipient pretreatment by techniques designed to induce tolerance. Induc- 
tion of functional tolerance across xenogeneic barriers has currently been 
achieved. The work of Sachs and others suggest that xenogeneic chimerism 
and xenogeneic tolerance is indeed possible, at least in relatively concordant spe- 
cies [71]. 



Choice of Donor Species 

The first necessary prerequisite for human xenografting would be the isolation in 
viable and rather pure form of animal islets which would be suitable for human 
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implantation. Furthermore, these islets should preferably be from a disparate 
species, nonprimate in type, in which no ethical constraints exist regarding the 
obtaining of adequate pancreas donor tissue. Animals satisfying these criteria 
are almost all disparate to the human. The animals which logically come to 
mind are the pig, the cow, and other species of animals freely used for human 
food and freely slaughtered. In general, there are few ethical constraints to the 
use of virtually any of the disparate species, including sheep, goats, horses, or 
other farm animals. Rodent donors are impractical, since the number of islets 
obtained is so small that up to thousands of individual rodents might be required 
for a single human transplantation. 

A broad prerequisite for adequacy of a species for human xenotransplantation 
is that the physiology of the pancreas islets in these species ought to be near that 
of the human. The physiology of islets varies throughout the animal kingdom, 
and patterns of maintenance of specific levels of blood sugar, patterns that influ- 
ence secretion, counter-regulatory mechanisms, etc., do vary between species [72, 
73]. There is evidence that quite distant species including fish and chickens will 
maintain a carbohydrate metabolism relatively close to that of the human. How- 
ever, Ricordi et al. reported on hamster islets transplanted into mice and found 
that the hamster islets maintained a fasting blood sugar level of around 66 mg%, 
which corresponds to blood sugar levels in hamsters, but is considerably different 
from the average 145 mg% in fasting mice [74]. Thus careful study of comparative 
xenograft physiology is important. 

Practical considerations and outright cost-effectiveness, however, are a salient 
feature of our current medical environment. Thus it is highly likely that the pig 
and/or cow might prove to be the most practical animals for xenograft donation 
if the physiology of these animals islets is appropriate and the difficulty of pre- 
venting rejection is not overwhelming. Both pigs and cows grow to large size, 
and it is not unusual to find pig pancreases in the range of 300 g and cow pan- 
creases in the range of 500-600 g containing millions of islets which could poten- 
tially provide adequate donor islets for five to ten human transplants from a sin- 
gle animal. 

In addition, insofar as we know, the pig, in particular, and, to a large degree, 
the cow are free of pathogens that would endanger the human species. Pig and 
cow products are widely consumed by the human without ill effects, including 
fresh products such as cow’s milk, which are the result of lactation processes 
and, therefore, might be expected to contain any of the shedding viruses and 
other pathogens found in such tissues. 

In contrast to this situation, for example, the primates represent problematic 
donors. It is clear that these animals harbor a number of viruses and other 
pathogens which can be quite dangerous and even fatal to the human, such as 
the monkey B virus [75]. Some monkey species have a human immunodeficiency 
virus (HIV), and it is quite possible that monkeys also have viruses which are 
unknown at the present time [76]. These considerations will most certainly 
form the basis for future direction in xenografting. 
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Insulitis and Recurrence of Diabetes 

In the case of islet transplantation for diabetes, an interesting and probably 
important area is the recurrence of the original disease process (diabetes) in 
the transplanted islets. Recurrence of diabetes in islet transplants has been 
well-documented by the Minnesota group in human leukocyte antigen (HLA)- 
identical siblings [77]. The insulitis that precedes type I diabetes is an immune 
attack upon the islets, which seems, at least to some degree, to be related to 
the major histocompatibility antigens that lead to the possibility of the recur- 
rence of disease. 

In this respect, the xenograft, especially from a disparate species, could be 
expected to be relatively immune to recurrence of disease, since the membrane 
antigens which would form the target of an immune insulitis are quite dissimilar 
to those which were the targets of the original disease process. In fact, there is 
some experimental evidence for this in the NOD mouse, in which isografts are 
shown to suffer the heaviest early insulitis after transplant, with allografts in 
between, and xenografts showing the least amount of early immune damage fol- 
lowing transplantation [78]. 



Modification of Donor Tissue 

In this respect, techniques of immunoalteration of donor tissue will be critically 
important. At the present time, it would seem that the potentially most effica- 
cious techniques for decreasing islet immunogenicity would be focused primarily 
upon islet cell xenograft culture for a minimum of 5-7 days. Studies to date 
would suggest that culture at either 24 °C or 37 °C would be useful in reducing 
immunogenicity. 

Xenografting permits the widest use of immunoalteration techniques on donor 
tissue because of our ability to carefully program the donor procurement and to 
define its time frame and parameters, and also because there is a lack of ethical 
constraint on treatment of donors. It is entirely possible that treatment such as 
total body irradiation of the donor, prohibitive in human donors, could become 
a well-accepted procedure in xenograft donors. 



Modification of the Recipient Immune Response 

Second only to immunoalteration of the xenograft donor is the modification of 
the recipient immune response, which is currently the Achilles heel of xenograft- 
ing. Approaches to immunosuppression for xenografting could take different ave- 
nues. The blockage of humoral antibody and macrophage are clearly desirable 
goals. Indirect antigen processing has also been shown by Auchincloss to be 
an important mechanism of xenograft rejection [35], and this was corroborated 
by islet studies [34]. 

Development of tolerance to islet xenografts, like allografts, is a very impor- 
tant goal. Xenogeneic tolerance is very difficult to achieve or document by clas- 
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sical criteria. Sublethal irradiation and reconstitution seem a rather drastic solu- 
tion to xenograft suppression [8i]. Finally, one of the most attractive goals for 
islet xenografting would be the development of immunoisolation techniques 
either using privileged sites or bioencapsulation. Such systems might permit 
the elimination of immunosuppression, which must continue to be a goal for 
all of transplantation, including islet transplantation where suppressive agents 
are toxic to the islet. 



Technical Options 

A major potential of pancreas islet xenografting will be to provide for important 
technical options in the placement of these grafts. These include grafting inse- 
quence, the possibility of multiple placement sites, the possibility of utilizing 
large amounts of tissue from a single donor to induce tolerance over a period 
of time, as well as many other considerations that will probably come to light 
with early xenograft experience, e.g., placing islets in immune privileged sites, 
such as the thymus, or artificial privileged sites, such as bioencapsulation in hol- 
low-fiber membrane systems. 

In short, islet xenografting will foster the development of a number of impor- 
tant technical options, both in terms of immunoalteration of donor tissue, timing 
and technique of transplantation, timing and method of immunosuppression, as 
well as techniques which would modify the recipients in manners which could 
favorably alter xenograft survival. Induction of tolerance is yet another example 
of the large potential for immunomodulation in islet xenografting. 



Promising Islet Xenograft Donors 

Pig 

Because of the large potential for islet xenografting in treating the huge number 
of diabetics who might require this procedure, our group began investigations to 
develop techniques for the isolation of pig pancreatic islets approximately 3 years 
ago. The pig has classically been the source of insulin used for human diabetics. 
The pig islet has a physiology very much like that of the human [82]. The lead- 
ing role in the development of techniques for isolation of pig islets has been 
taken by Camillo Ricordi, working in Lacy’s laboratory and, later, in Milan 
and Pittsburgh [14, 15, 83, 84]. Ricordi’s description of isolation of pig islets in 
April 1990 represents perhaps the first comprehensive demonstration of a consis- 
tently successful technique for pig islet isolation using a semiautomated techni- 
que [15]. 

Using Ricordi’s techniques, his results have been reproduced by our laboratory 
recently. We have also had an islet yield of about 8000-10000 islets per gram 
prior to Ficoll separation, and 4000-5000 islets per g after Ficoll separation, 
with a high degree (>90 %) of purity. In addition, recent studies in our labora- 
tory have demonstrated the ability to transplant these pig islets with a low rate 
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(lo % or less) of primary nonfunction and survival with recipient euglycemia in 
the difficult pig-to-Lewis rat discordant model for 10-14 weeks using some newer 
forms of immunosuppression. These results are quite promising since many of 
the results of islet allografts have been less impressive. 

Technique of Pig Islet Isolation 

Perhaps the most critical thing about pig islets is their fragility and ease of dis- 
ruption. It is, therefore, necessary to utilize a gentle technique - far more gentle 
than that used in islet separation from the human or other animals. The pig pan- 
creas is best digested with a static ductal perfusion after removal of the pancreas 
with a short warm ischemic time. We have been able to obtain satisfactory pan- 
creases from both old breeding sows, which give large pancreases up to 300 g, as 
well as market- weight pigs. 

The pancreatic duct is perfused with a 2% collagenase solution at 37 °C to 
achieve full distention of the gland. The gland is usually cannulated proximally 
and distally and a catheter sewn in place for perfusion under pressure. We utilize 
a volume of collagenase which is twice the weight of the pancreas (i.e., 200 ml for 
a 100-g segment of pancreas). Following a static perfusion for about 5 min, the 
porcine pancreas is placed in the digestion chamber, described by Ricordi 
(Fig. 1), consisting of a stainless steel chamber of approximately 350 ml volume. 
The chamber is capped with a filter 200 pm in diameter and is perfused with 
a collagenase solution containing 2 % fetal bovine serum at 37 °C. The collagenase 
solution is heated in a water bath, beginning at a temperature of about 29 °C and 
gradually warmed to 37 °C. The perfusate enters the chamber and comes into 
contact with the pancreas; the digested portions of the pancreas pass through 
the filter exit at the top of the chamber. An inline roller pump maintains a 
flow of 50 ml per min. 

After approximately 10 min of digestion, with sampling of the recirculating 
fluid, free islets can be seen with a dithizone (DTZ) stain supplemented with a 
2% dimethyl sulfoxide (DMSO) solution. Once free islets are seen, the effluent 
from the chamber is directed into a beaker in a 4% water bath. The gland is 
then perfused at 150 ml per min with a collagenase solution containing 10 % 
fetal calf serum with usually a 3-4 1 volume. The resulting dispersed pancreatic 
fragments are purified on a Ficoll density gradient to a purity of 80 %-95 % 
islets. The final preparation is carefully monitored by DTZ staining, concentrated 
and usually placed in culture prior to transplantation. 

Fetal Islets 

Hellerstrom et al. [85] recently published data on isolation of fetal pig islets. 
These islets were obtained from fetal pigs of gestational age 60-70 days. One lit- 
ter produced about 100 000 islets, and these islets performed well in nude mice. 
Fetal islets have the advantage of ease of extraction due to a low amount of 
fibrous tissue in the fetal pancreas, a potential for expansive growth and differ- 
entiation, and possibly some degree of hypoimmunogenicity [85]. Fetal xenograft 
tissue may well be a useful source of donor tissue for islet xenografting. 




Isolated Pancreatic Islet Xenografting 



559 



Peristal lie 

RecircylaliotvDllution Pump Heating Circuit Healing 

Switch J Bypass Coil 




I ^ nvri.li LUiaiiRjii ^ r v viiiwi 

Suiutfon Flask Cylinder Circuit ^ ation am r Shatter 



Fig.l. Automated procedure for isolation of pancreatic islets. (Courtesy of Dr. C. Ricordi [14]) 



Teleost Fish 

In certain teleost fishes, islet tissue is aggregated into visible organs called Brock- 
mann bodies. They are easily identified and have a high purity of islets. Weber 
performed the original xenografting of piscine islets to rats [6]. Recently, Schre- 
zenmeir et al. identified certain teleost species with blood sugars in the human 
range (86-89 mg%) [86]. In addition, they showed these islets released insulin 
and glucagon in a glucose-dependent manner, tolerated mammalian tempera- 
tures, and survived encapsulation for weeks. These islets, available from such 
common fish as flounder and trout, would seem to be an exciting new approach 
to potential islet donation for xenografting [87]. 



Dog 

Techniques for isolation of islets from dogs have been well established [88, 89]. 
In general, the dog islet is characterized as easier than the pig to isolate, but 
harder than the rodent. The size of the dog makes dog islets attractive for 
human use. There is apparently good physiological compatibility between dog 
islets and human islets. The major problem with the use of the dog may well 
be ethical concerns. 
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Comment 

Although this chapter is perhaps the most comprehensive publication solely on 
islet xenografting to-date, it must necessarily be considered preliminary. The 
chapter seeks to summarize the state of clinical and, especially, experimental 
islet xenografting. In addition, it seeks to plan some future strategies for appli- 
cation and expansion of islet xenografting. Hopefully, it more fully outlines the 
large potential for islet xenografting that has been developed by workers in the 
pancreas islet isolation field - those who have developed techniques for donor 
islet immunno alteration, those publishing on recipient immunoisolation techni- 
ques, and those seeking to achieve successful islet xenografting by the traditional 
manner of immunosuppression of the host response. In the future, these efforts 
may be complemented by induction of host tolerance to islet xenografts. 

Perhaps the highest goal of current work in this area will be to develop the 
optimal “chimeric” approach to islet xenografting, borrowing the best qualities 
of these individual areas and molding an elegant composite creature, reflecting 
the noblest features of them all. Hopefully, the information in this chapter will 
provide the chimera-creator with strategic information which will aid him or 
her in this quest. 

Acknowledgments. Some of the author’s work in relation to this chapter was sup- 
ported by NIH Grant #Roi A122293, and Diabetes and Education Fund Grant 

#639-1189. 
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Introduction 

All over the world new strategies for providing alternative organ donors for 
transplantation have focused on the pig and its capability to provide both vascu- 
larized and nonvascularized organs. In this context, the nonvascularized isolated 
pancreatic islet could serve as a pioneer tissue in xenotransplantation, whereas 
vascularized organs may be more difficult to transplant due to preformed natural 
xenogeneic antibodies in human serum that attack the grafted xenogeneic por- 
cine tissue leading to a hyperacute rejection. As long as the onset of type I dia- 
betes cannot be detected and inhibited well in advance of major endocrine tissue 
destruction and we lack molecular-genetic strategies for treating type I diabetes 
successfully, one of the major goals in the treatment of this severe autoimmune 
disease is to graft purified functioning endocrine tissue. 

Since 1990, two considerations have forced many laboratories to concentrate 
on the isolation of islets of Langerhans from the adult pig, in addition to obtain- 
ing pancreatic islets from humans: (1) the relative lack of human organ donors 
and (2) the current concept of treating severe forms of type I diabetes. Based 
upon the enzymatic digestion method that is successful in rodents and, to a les- 
ser extent, in humans, a number of laboratories have started to develop methods 
that will work in the pig. Despite undisputed occasional success with one 
approach or another, the reliability of the techniques and the reproducibility of 
the results remain questionable. Successful, reproducible technology is, of course, 
an essential requirement for the continued clinical application of porcine islet 
xenografting. 

The following review concentrates primarily on some major problems that 
determine the success of porcine islet isolation. 



Review of Current Approaches and Results 

In 1990, Ricordi published a basic method for the isolation of adult porcine islets 
of Langerhans [1], based on his original successful method for isolating human 
islets [2]. It was hardly surprising that other laboratories soon followed in his 
footsteps [3, 4], since the demand for xenogeneic islets as a source for future 
clinical transplantation is growing steadily. However, it soon became apparent 
that the porcine pancreas is a much more difficult tissue to handle than either 
the rodent or human pancreas. A great variety of factors influence the isolation 
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process and the final results, e.g., the donor material (race, age, weight, sex), the 
explantation protocol (slaughterhouse vs. operating room, warm and cold ische- 
mia, perfusion solution), the enzymatic digestion procedure (collagenase batch, 
digestion chamber, mechanical vs. hand shaking, open vs. closed circulation, 
temperature, pH), the microscopic evaluation (determination of the digestion 
endpoint, counting of islets or islet equivalents, viability), and the purification 
protocols (density gradients, centrifugation vs. sedimentation), to name only a 
few. Hence, it was hardly surprising that the isolation results varied greatly 
from group to group, ranging from approximately 1500 [5] to 13000 [6] islets 
per g organ (IpgO). 

In the initial phase, due to good access and limited budgets, many groups 
favored slaughterhouse pigs as donors [1, 3, 4, 6-10]. This meant using pancreas 
donors of varying genetic background, approximately 5-36 months old and ready 
for meat production. A certain amount of warm ischemic time was often consid- 
ered unavoidable [4, 7-10], particularly in countries of the European Union 
(EU), where slaughtering is carried out according to strict regulations (anesthesia 
with CO2 gas or electroshock, cessation of heart beat after incision of the carotid 
artery and bleeding, cadaver wash at 60 °C). Visible results of these limitations 
were the fragmentation of islets [3, 5, 8, 11, 12], poor viability [12] (personal obser- 
vations) and poor insulin release, particularly from islets from younger individuals 
[11], which appear to be more vulnerable due to their irregular shape and their 
loose morphology. Consequently, the basic methods were extended or altered. 

The major changes included the following. Instead of young donor pigs (age 
10 months), older pigs (2-3 years, “retired breeders”) were used. They produced 
higher islet yields, calculated according to islet volume density and insulin con- 
tent [6]. Though it would be helpful if more groups could confirm this important 
finding, the scales presently appear to be tipped in favor of older individuals, as 
our own observations indicate [see below]. Isolating islets from brain-dead, heart 
beating donors expectedly improved the yields [1, 3, 6, 13, 14]. This must be inter- 
preted as a clear sign that warm ischemia is a critical factor in the porcine pan- 
creas and should be avoided, as is routinely practiced for other organs, clinically 
and experimentally. The disappointing results obtained by individual laboratories 
[13] (personal observations) after cold perfusion and surgical excision of the 
donor organ cannot be explained at present and need to be further analyzed. 
However, surgical removal, followed by immediate perfusion by cold collagenase 
solution that was gradually warmed to 32°C before loading the organ into the 
digestion chamber, resulted in very good islet yields [15]. Further analyses are 
needed to clarify this point. 

Further modifications included the stainless steel digestion chamber. It was 
modified by including a window to better control the digestion status [15], or 
was omitted and mechanical shaking of the organ was replaced by gentle hand- 
shaking, both yielding better results (P. Marchetti, personal communication). 
Others developed a one-step, operator-independent isolation system which allows 
the critical digestion endpoint to be determined independent of the operator [16]. 
However, these results are still somewhat contradictory. A direct comparison of 
the automated technique and a simpler manual procedure clearly showed that 
the automated technique produced better yields [17]. 
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Nearly all investigators use collagenase for the enzymatic digestion of the por- 
cine pancreas, based upon previous experience in rodents and/or humans. How- 
ever, the quality of the collagenase provided by various suppliers is still poorly 
defined and concentrations are often indicated as milligrams per milliliter [i, 
3, 4, 6, 8-10, 12-14, 17] rather than enzyme activity (units per milliliter), as we 
prefer to use [7, 18]. Application of purified enzymes [19] should eventually 
help to detect those collagenase components that are essential to the release of 
intact islets and those that damage the islet structure. Others use the pancreas’ 
own autodigestive (endogenous) enzymes to disintegrate the tissue, with the 
side effect of obtaining single beta cells instead of intact islets [20]. Furthermore, 
a modified University of Wisconsin solution is supposed to be helpful during the 
digestion step for protecting the fragile porcine islets against oxidative stress 
[21]. Results obtained after minor technical modifications, e.g., concerning the 
counting of released islets and their purification, viability and function, are dif- 
ficult to interpret, since the desired result - a great number of intact, viable and 
functioning islets of all sizes and profiles - remains the outcome of single isola- 
tions but is rarely achieved routinely. 

A general observation, and maybe the most striking one, is the fragility of the 
porcine islet. One can assume that unphysiological explantation of the donor 
organ, which often includes warm ischemia time, favors the autolytic digestion 
of the tissue, including the endocrine cells. Furthermore, it is very likely that 
the reason for the fragility is that the architecture of the porcine pancreatic tis- 
sue differs from that of rodent or human tissue. The only informative report on 
porcine pancreas morphology [22] indicates that there is very little peri-insular 
capsule present, and that the structural integration of the islet in the exocrine 
tissue depends almost exclusively on cell-to-cell adhesions [23]. Whether this 
holds for pigs of different races, ages, and weights, still remains to be elucidated. 
The lack of information about morphological peculiarities has forced our group 
to evaluate the porcine tissue histologically in greater detail. In the next section 
we will briefly summarize the results. 



Histology of the Porcine Pancreas 

Our contacts with university departments of agricultural science and domestic 
animal anatomy failed to give us much information on the anatomy and mor- 
phology of the porcine pancreas that was useful for the purpose of islet isolation. 
We investigated seven domestic pig breeds and the wild boar to obtain detailed 
histological information on islet profiles, numbers and sizes, pancreas mass, 
volume density of the endocrine tissue, and the collagen content of the capsules 
surrounding islets. 

The main results, which have been published elsewhere in detail [24], can be 
summarized briefly as follows: 

1 . Porcine islets are round, oval, dumbbell-shaped and triangular and, as expected, 
occur in all intermediate profiles. Round and oval islets predominate. These pro- 
files are also detected in crude islet preparations, which indicates that they can 
withstand the enzymatic and mechanical influences of the digestion process. 
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2. The total number of islets varies greatly from strain to strain, with, for exam- 
ple, the wild boar showing twice as many islets (approximately 500/cm^ tissue 
section) as the experimentally used Goettingen minipig (approximately 250/ 
cm^). 

3. The tail of the pancreas, which is usually used for islet isolation, accounts for 
about 50 % of the pancreatic mass. Body and head make up the other 50 %. 

4. The majority of islets (64.3 %; range, 59.8 %-68.9 %) in the seven domestic 
breeds are 50-100 pm in diameter. With its 86 %, the wild boar is a remarkable 
exception. German Landrace pigs show the greatest number (2%) of large 
islets (250 to more than 300 pm). 

5. German Landrace pigs reveal the greatest islet volume density of all pig breeds 
(3.4%; range, i.2%-3.4%). 

6. Only 25 % of all islets are surrounded by a collagen capsule that covers more 
than 75 % of the islet surface. 

7. In roughly 33 % of all islets capsules composed of collagen, type I, III, and IV 
fibers cover less than 25% of the surface. 

8. Theoretical calculation: German Landrace pigs (2-3 years old) have an esti- 
mated islet number of 22 000 IpgO and a pancreatic mass of 255 g on average; 
that makes a total of 5 610 000 theoretically available islets. Presuming a col- 
lagenase batch of sufficient activity is at hand and the pancreatic tail (50% 
of the total pancreatic mass of approximately 2 805 000 islets) is used as 
donor tissue, the minimum yield would be approximately 701250 islets (or 
5500 well-digested IpgO, if only the 25 % of all islets with a collagen capsule 
surrounding >75 % of the islet surface are released from the tissue). These 
numbers appear to be realistic at present and can be achieved in occasional 
satisfactory isolations [1, 3, 4, 6, 13, 14, 17]. 

A histological evaluation of the porcine pancreas, performed prior to islet iso- 
lation (as described above) may thus be a great help in predicting the isolation 
results, especially if pigs of different breeds and ages are used in different parts 
of the world. The only other report dealing with the morphology of the porcine 
pancreas, which analyzed six different breeds including the wild boar, appears to 
have shown comparable results [25]. Unfortunately, these data have not yet been 
fully reported. Parallel to the histological evaluation our group began to isolate 
porcine islets and to analyze parameters that have been hitherto insufficiently 
studied, e.g., the donor pig’s breed and age and various enzymes that influence 
the digestion process. 



Isolation of Islets from the "Adult" Porcine Pancreas 

Isolation Technique 

Pancreata were harvested from brain-dead, non-heart-beating female pigs. 
Hybrid pigs, which are crossbreeds of three to five races that are commonly 
used for meat production, were obtained from local slaughterhouses. Purebred 
pigs, e.g., German Landrace, Pietrain and Munich minipig “Troll,” were acquired 
from commercial breeders. Donor pigs were either young individuals (14 months 
old) or old ones (2-3 years old, so-called retired breeders). Both age groups are 
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referred to as “adult” pigs, as against newborn or weanling pigs. Because of the 
hygiene laws in the EU, a warm ischemia time of 25 min was unavoidable. 

Only the splenic pancreatic lobe was prepared and removed from the donor 
organ. Immediately after harvesting, the pancreatic duct was cannulated with a 
self-made catheter, consisting of a polyethylene tube (inner diameter, 0.58 mm; 
outer diameter, 0.96 mm; NeoLab, Heidelberg, Germany) and a 23GXiin. needle. 
The glands were stored and transported in cool (4 °C) Eurocollins solution (Fre- 
senius. Bad Homburg, Germany). Cold ischemia time ranged from 30 to 240 min. 
In the initial phase, islets were isolated by Ricordi’s semiautomated digestion 
method [1]. We later modified this basic technique, as we called it, and obtained 
what we referred to as our standard technique (see below; modifications are indi- 
cated by an asterisk). Peripancreatic fat, blood vessels and connective tissue were 
dissected from the pancreas and discarded. The weight of the organs (part of the 
pancreatic tail end) ranged from 15.0 to 99-7 g (mean, 45.o±23.4g). 

The collagenase solution, containing Hank’s buffered salt solution (HBSS, 
Gibco/BRL, Eggenstein, Germany), 25 mM Hepes^ (Boehringer, Mannheim, Ger- 
many) and 1.8 U PZ/ml collagenase (cat. no. 17448, Serva, Heidelberg, Germany), 
was adjusted to pH 7.6^^, prewarmed to 28 °C, and then injected into the pancreas 
via the catheter. After infusion, the organ was loaded into a stainless steel cham- 
ber [1] with a Teflon^ screen (mesh 420 pm) and five Teflon/steeH beads (dia- 
meter, 2 cm). The chamber was connected to a circulation system, including a 
reservoir, a peristaltic pump, and a heating circuit (45 °C). After the organ was 
loaded into the chamber, the system was filled with collagenase solution and 
recirculation (flow rate, yoml/min) was started. The chamber was gently shaken 
by hand"^ for 10 s every minute. Every other minute, a sample (150 pi) was taken, 
stained with 50 mg dithizone (DTZ; Sigma, Germany) in 5 ml dimethyl sulfoxide 
diluted 1:20 with HBSS and supplemented with 5 % fetal calf serum (ECS; Conco, 
Germany) and screened microscopically [26]. During the procedure, the tempera- 
ture and pH of the solution were constantly recorded. 

When a significant number of well-digested intact islets was observed (after 
2i.5±5.42 min), recirculation was interrupted and elution of the digested tissue 
was started. Elution was performed with HBSS (supplemented with 25 mM 
Hepes and 5% ECS, precooled to 4°C^, pH 7.4). Shaking and monitoring were 
continued during the elution phase. When no more islets were observed (after 
i7.o±5. 68 min), elution was terminated. The eluate was then washed (27oXg, 
4 min, twice) to separate the collagenase from the cells. After sedimentation, 
the islet yield was quantitated in 150-pl samples. Only well-digested DTZ-stained 
islets, i.e., intact islets without a detectable exocrine rim, were counted as IpgO 
or used to calculate islet equivalents (adjusted to an islet of 150 pm in diameter). 
The viability of the islets was determined by staining them with fluorescein dia- 
cetate and propidium iodide (EDA/PI). 

Results Obtained with the Basic Technique 

Of 103 isolations, 58 were performed to establish the isolation technique accord- 
ing to the original Ricordi method [1]. Sixteen of the 58 were necessary to 
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improve the technical equipment (digestion chamber, heating circuit, pump, 
cooling device) and islet monitoring (digestion endpoint). Isolation results 
(IpgO) were not evaluated during this experimental phase. The subsequent 42 
isolations with the basic technique [1] were carried out to vary parameters, 
e.g., warm and cold ischemia time, collagenase batches and concentrations, 
and isolation media. The results obtained were 475 ±624 (range, 0-2813) IpgO 
of varying viability. This experience, with the highly unsatisfactory islet yields, 
viability and reliability, led us to establish our standard technique (for modifica- 
tions, see above), which we used for all following isolations. 



Influence of the Donor Pig Breed 

To analyze the influence of the genetic background of the pig on islet yield and 
viability, 39 isolations with hybrid pigs (crossbreeds) were compared with results 
obtained with three purebred breeds, German Landrace (71=5), Pietrain (n=5), 
and minipig “Troll” (n=s). The results of this study (Fig. 1) can be summarized 
as follows: 

1. The 39 isolations using hybrid pigs as organ donors resulted in a mean islet 
yield of 1190 IpgO with the large standard deviation of 1440. Testing with 
FDA/PI staining showed that the islet viability continued to be variable. 



Islet yield [IpgO] 




Fig.l. The influence of donor age and race on islet yields. Results, indicated as islets per g organ 
(IpgO)y of isolations performed with young hybrid pigs (HY-y, n=y) and old hybrid pigs {HY-Oy 
n=9) and with old individuals of various pig breeds: Munich minipig (MP-Oy n=5), German 
Landrace (GL-o, n=5), Duroc (DU-Oy n=s)y and Pietrain (PJ-o, n=3) 
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2. Of the three purebred breeds, Pietrain gave the best results with 2180 ±317. 
German Landrace (606 ±379) and the minipig “Troll” (691 ±357) resulted in 
significantly lower islet yields. Thus so far the best and most reproducible 
islet yields were obtained with purebred Pietrain pigs. Improved yields also 
resulted in improved islet viability. 

We hypothesized that the great variation in yields of islets isolated from 
hybrid pigs may be caused by genetic differences between these pigs, which 
are crossbreeds of three to five purebred strains. This was confirmed to some 
extent by the results obtained with Pietrain pigs. Isolations from these pigs 
not only produced higher yields, but the yields were more reproducible, as is 
shown by the smaller standard deviation. In addition, high yields from Pietrain 
and low yields from minipigs tally quite well with the histological finding that 
the islet volume density (%) of the total pancreatic mass is much higher in Pie- 
train pigs (mean, 2.55%, ^=5) than in minipigs (mean, 1.24%, «=5). The obser- 
vation that German Landrace pigs gave poor islet yields conflicts with the good 
islet volume density in this breed (mean, 3.38 %, n=^). Further studies are neces- 
sary to clarify this point. As far as the correlation of genetics and islet yield is 
concerned, it may be necessary to analyze more purebred races or even to breed 
special pig strains in order to obtain appropriate donor conditions for a satisfy- 
ing islet isolation. 



Influence of Donor Age 

To investigate the influence of the donor age on islet yield and viability, isola- 
tions were performed in young (n=y) and old (n=9) hybrid pigs. Unfortunately, 
Pietrain pigs were not available when this study was started. The islet yield 
(Fig. 1) was significantly lower in younger pigs (837±326) than in older ones 
(2930 ±1450). Additionally, microscopic screening of isolated islets showed larger 
amounts of fragmented islets in young individuals than in old ones. It is quite 
obvious from our results that, in addition to genetic aspects, the age of the 
donor plays an important role, a finding that harmonizes with that of other 
investigators [6]. However, the increased donor age may cause severe logistic 
problems due to the greater weight of the animals. Hence, in spite of islet volume 
limitations [see above], minipigs may provide an answer to this problem. 



Influence of Pancreatic Enzymes 

To test the influence of four different enzymes, collagenase, clostripain, neutral 
protease, and trypsin, 12 isolations were performed with the standard technique. 
Samples of the collagenase solution were collected (a) before injection into the 
gland and (b) at the end of the recirculation period (21.5 ±5.4 min) when the 
first well-digested islets could be identified. The kinetics of the four enzymes 
are shown in Fig. 2. 

Collagenase activity decreased from i.82±o.22U PZ: 4-Phenylazobenzyloxy- 
carbonyl-Pro-Leu-Gly-Pro-D-Arg before injection to 1.22 ±0.19 at the end of the 
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Fig.2a-d. Enzyme kinetics during the isolation procedure. Results of tests of collagenase a with 
PZ (U/ml) and b Falgpa (U/ml) as substrate and of c neutral protease (U Azocoll/ml) and d tryp- 
sin (U BAEE/ml) activity. The squares illustrate the results of 12 experiments in which samples of 
the collagenase solution were taken only before injection into the gland and at the end of recir- 
culation (after 2i.5±5.42min). Each line represents the results of a representative experiment, in 
which samples of the collagenase solution were taken before injection into the gland, immedi- 
ately after (o min) and 4, 7, 10, 15, 20, and 30 min after starting the recirculation. Trypsin activity 
showed two types of kinetics: a strong increase in eight out of 12 (square, mean ± SD) or a slight 
increase in four out of 12 (circle, mean ± SD) 



Recirculation time [min] d Recirculation time [min] 
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recirculation phase, or from 1.55 ± 0.30 U Falgpa/ml to o.9/±o.32. The slight 
decrease in collagenase may be caused by two effects: (1) binding of collagenase 
to the donor tissue that was removed by centrifugation before the start of the 
activity test and (2) proteolytic damage to collagenase molecules. These effects 
should be considered when determining a suitable collagenase concentration. A 
concentration of 1.80 U PZ collagenase/ml worked very well in our hands. Clos- 
tripain activity was unaffected: 0.48 ± 0.08 U BAEE: N-Benzoyl-L-Arginin-Ethyl- 
Ester before injection and 0.42 ±0.0/17 BAEE/ml at the end of recirculation. Neu- 
tral protease increased from 55.2±6.04U Azocoll/ml to i69±50.7. Quite unexpect- 
edly, trypsin activity showed two types of kinetics. In eight cases it increased 
slightly from 0.22 ± 0.14 U BAEE/ml to 0.57 ±0.31, and in four cases it increased 
very strongly from 0.50 ± 0.08 U BAEE/ml to 3.34±o.2/. 

These results can be summarized as follows: during the isolation procedure, 
collagenase activity decreased slightly, whereas the activity of the pancreatic 
enzymes neutral protease and trypsin increased; in some cases trypsin activity 
increased very strongly. 

Major variations in the islet yield, ranging from 0 to I2 49ilpg0 after the 
above isolations, forced us to look for a correlation between enzyme activity 
and islet yield. A close correlation could be found between trypsin activity 
and islet yield. Poor islet yields (507±739 IpgO) correlated with a strong 
increase in pancreatic trypsin activity (1.50 U BAEE/ml), whereas low trypsin 
activity (>1.50 U BAEE/ml) correlated with high islet yields (6795±3697 IpgO). 
Neutral protease had hardly any effect on islet yield and, if at all, only a 
mild one. 

A major problem faced in isolating islets from the porcine (and the human) 
pancreas is to achieve reproducibly high yields of good quality islets. That 
such parameters as the pig breed [7, 24], the donor age [6, 7], and the pH of 
the isolation medium [7] influence the islet yield has been clearly shown. 
Using the standard isolation technique and collagenase batches of controlled 
quality and proteolytic activity, as affirmed by company representatives, we 
were still unable to achieve satisfactorily reproducible high islet yields. This dis- 
appointment forced us to look into the basics, namely the enzymatic digestion 
process itself. The reasoning behind the enzymatic isolation technique is to spe- 
cifically disintegrate the collagen-containing connective tissue by means of col- 
lagenase. It has been shown that there is an increase in proteolytic activity during 
the isolation procedure when islets are isolated from various donor species [27]. 

Our own studies confirmed these findings for porcine islets. Moreover, we 
determined that, particularly, trypsin was released during the digestion proce- 
dure, presumably due to disintegration of the exocrine tissue. Trypsin disinte- 
grates a large number of proteins and thus appears to accelerate this process. 
The combination of exogenous collagenase and endogenous trypsin may easily 
initiate an unspecific, fast and uncontrollable tissue disintegration process. Our 
experiments showed that trypsin activity greater than 1.50 U BAEE/ml damaged 
the tissue in a way that clearly prevents the release of high islet yields. Further- 
more, individual experiments revealed strong variations in trypsin activity. The 
failure of some islet isolations was apparently caused by the high endogenous 
trypsin activity of some pancreata (Fig. 3). 
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Trypsin activity [U/ml] after islet isolation 
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Fig. 3. Correlation of trypsin activity and islet yield. Results of trypsin activity tests and islet 
yields (islets per g organ, IpgO). Three groups of isolations are shown: triangles, isolations 
with trypsin activity >1.5 U BAEE/ml (n=4); squares, isolations with trypsin activity <1.5 U 
BAEE/ml (n=8); circles, isolations with trypsin inhibition by Pefabloc (n=3) 



We speculate that factors such as the pig breed [7, 24], the donor age [6, 7], 
perhaps also the nutrition [28] and retrieval procedure [13], may directly influ- 
ence the trypsin content of the pancreas. This may directly affect the islet 
yield by altering the trypsin activity during the isolation procedure in an 
unknown manner. The proteolytic activity of the collagenase preparation may 
possibly exert an additional effect, because it is known that trypsin activates 
trypsinogen and other proteolytic enzymes [29]. 

The negative influence of high trypsin activity on the islet yield induced us to 
try to inhibit the activity of this particular enzyme. A trypsin inhibitor used in 
islet isolations had to fulfill at least three requirements: (1) considering the sus- 
ceptibility of the islets, the inhibitor had to be nontoxic, (2) it should not inter- 
fere with the activity tests, and (3) it had to be irreversible. An inhibitor with 
these properties is Pefabloc (Boehringer, Mannheim, Germany). We performed 
three isolations with adult pigs using collagenase solutions supplemented with 
Pefabloc (Fig. 3). There was only a slight increase in neutral protease (from 
57.6±3.9 oU Azocoll/ml before injection to 62.3±ii.4 at the end of recirculation) 
and trypsin activity (from o.i7±o.09U BAEE/ml to o.35±o.i5) during these iso- 
lations, and the islet yield was satisfactory (8395 ±3553 IpgO). (Due to logistics 
and problems with the collagenase suppliers we did not have sufficient time to 




Recent Approaches to the Isolation of Adult Porcine Islets of Langerhans 



575 



extend these interesting studies before preparing this manuscript, but they will 
be continued soon.) 

If high trypsin activity causes some isolations to fail, prophylactic inhibition 
should result in reproducibly high yields. In this context, another laboratory used 
a collagenase solution supplemented with io% bovine serum albumin (BSA) as 
protease inhibitor and described a positive effect (+48 %) on rat islet yield 
[27]. In our opinion, however, BSA has three disadvantages: (1) it interferes 
with activity tests, (2) it obviously inhibits collagenase activity (data not 
shown), and (3) it is a competitive inhibitor. Thus Pefabloc appears to be a 
much more suitable trypsin inhibitor, since it fulfills the above criteria. All iso- 
lations performed with Pefabloc resulted in low trypsin activity and a high islet 
yield. 

However, the role of residual trypsin activity needs to be further investigated. 
To ensure complete and well-timed disintegration of the connective tissue, a 
small but well controllable degree of proteolytic activity may be necessary. 
From our experience with trypsin, it cannot be excluded that other pancreatic 
enzymes, e.g., lipase, elastase, or phospholipase A^, also interfere with the con- 
trolled enzymatic disintegration of the pancreas and thus influence islet yield. 
Nevertheless, trypsin released by the digested exocrine tissue could function as 
an indicator or marker enzyme, when one is trying to determine the digestion 
endpoint, an aspect that needs to be further clarified. 

To summarize our experience from 1991 until the present, it is clear (Fig. 4) 
that a more systematic analysis of the basic porcine islet isolation method has 
yielded quite a number of important and influential parameters. Undoubtedly, 
some progress has already been since these parameters were identified and 
taken into consideration, as far as islet yield and viability, islet fragility, and 
more reproducible results are concerned. 



Fig. 4. Modifications of the islet 
isolation technique and their 
influence on islet yields. 
Comparison of the basic 
method and our standard 
method, involving various 
modifications of the islet iso- 
lation procedure. The top row 
shows the results obtained in 
our laboratory with the basic 
method described by Ricordi 
[1]. The other rows show islet 
yields (islets per g organ, 
IpgO) achieved by using an 
isolation technique with 
reduced mechanical stress 
(Teflon mesh. Teflon beads, 
handshaking; second row), 
purebred old pigs (third row), 
and prophylactic trypsin 
inhibition (fourth row). See 
text for details 
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Comment 

With due respect to all investigators who claim repeatedly good results, it must 
be clearly stated that technical devices for isolating islets of Langerhans from the 
porcine pancreas are not yet sufficiently advanced to provide the clinician reli- 
ably with sufficient amounts of viable and functioning islets for future clinical 
xenotransplantation. Further developmental work will be required in the coming 
years, and this poses a major challenge to biotechnology and experimental trans- 
plantation. However, considering the undeniable achievements by various groups 
working in this field, a number of factors have surfaced that appear to exert a 
major influence on the isolation results. 

Donor Pig. The transplantation community would be well advised to work closely with university 
departments of agriculture, commercial breeders, breeding societies, and farmers to find the most 
suitable purebred (or hybrid) pig breed, preferably of advanced age, to serve as a donor animal 
that can eventually be bred or bought at a reasonable cost. During this search, a detailed 
morphological analysis of the porcine pancreas should be performed to provide more essential 
data than are presently available on islet number and size and islet volume density. The 
amount of collagen and the collagen types that surround the particularly fragile porcine islets 
should be analyzed in detail with an eye to developing suitable collagenase preparations. 

Logistics and Ischemia. Considering the widely differing and difficult EU regulations for the 
slaughtering process, as well as the questions of sterility and fragmentation of islets, the donor 
organ should be explanted with full operating room facilities, to avoid any warm ischemia 
time and damage before the pancreas is shipped to the laboratory. There have, however, been 
two reports of disappointing islet yields after surgical excision of the gland [13] (personal 
observations). Though the cause for this lack of success is presently unknown, we feel there 
may be a relationship between the organ retrieval procedure and the release and activity of 
the pancreatic enzymes. Based on all of our experience with an Inadequate explantation 
procedure, it may be predicted that the fragility of islets will then further decrease and islet 
viability and function will Improve considerably, as least as long as the fragility is not 
determined by poor initial islet architecture. 

Collagenase. Researchers and the companies that provide collagenase should cooperate more 
closely to detect further reactive components of the collagenase enzyme(s), as was successfully 
achieved in one laboratory isolating rat islets [30]. To-date, eight collagenase subtypes have 
been described [31]. Their specificity for individual collagen types is still unknown. With 
increasing research in this field and more information, it should be possible to create a cocktail 
of various reactive enzymatic fractions that also matches the specific demands of the specific 
porcine tissue. A combined effort like this would have mutual benefits. The varying quality of 
poorly defined collagenase batches should hopefully soon become a nightmare of the past. 
The production of specifically tailored liberase (Boehringer Company) may be a first step in the 
right direction. 

Pancreatic Enzymes. The example of trypsin has directed research Into an unexpected new 
direction, i.e., on enzymes that are released from the tissue during the digestion phase and 
very likely Interfere with the activity of "collagenase." Our preliminary data suggest that other 
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proteolytic pancreatic enzymes, e.g., lipase and/or phospholipase ^ 2 , probably contribute to this 
problem. 

Minor problems involving the digestion chamber, the shaking procedure, pur- 
ification protocols,' and viability and function assays may have to be reevaluated, 
once a really satisfactory isolation protocol is available, one that reflects all 
important parameters, including those that have not yet been identified. An 
effort by all attracted to this field of medical research would not only advance 
the isolation of porcine islets for future clinical xenotransplantation. It would 
similarly advance the isolation of human islets for clinical allotransplantation, 
a field that still suffers from setbacks and awaits a major breakthrough before 
it is accepted by clinicians and patients alike. 

Acknowledgment, The authors gratefully acknowledge the efficient support of Dr. 
Michael Giesel and Jurgen Pfaff of Biotest Pharma GmbH, Dreieich, Germany and 
their kind help in screening the current literature. 
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Introduction 

The potential therapeutic applications for cell and tissue transplantation are 
enormous. Skin, bone, and bone marrow transplantation are already widely 
used, highly successful clinical procedures [1-3]. Although the transplantation 
of other cells and tissues is more experimental, these transplants also appear 
likely to play a major role in medicine in the future [4]. These include the trans- 
plantation of pancreatic islets, fetal tissue and cells genetically engineered to pro- 
duce specific bioactive substances. Diabetes mellitus, for example, afflicts over a 
100 million people and is a leading cause of morbidity and mortalitiy in the 
world. An ideal treatment for this disease would be the transplantation of the 
islets of Langerhans. 

Restoration of normal glucose metabolism has already been achieved in sev- 
eral patients with type I diabetes mellitus by the transplantation of islets of Lan- 
gerhans [5, 6]. Success, unfortunately, has been sporadic, and the requirement for 
immunosuppressive drugs exposes these patients to a wide variety of serious 
complications including cancer, infection, renal failure, and osteoporosis [7, 8]. 

Ultimately, the goal of islet transplantation is to treat patients without general- 
ized immunosuppression, and early enough in the course of the disease to pre- 
vent or retard the development of complications associated with this disease. 
Encapsulation of islets in biohybrid devices offers a distinct advantage in this 
respect. Unlike corneal grafts and bone marrow cells, islet tissue can be readily 
isolated from the immune system of the host by a selectively permeable mem- 
brane without interfering with its physiological function. Low molecular weight 
substances such as nutrients, electrolytes, oxygen, and insulin are exchanged 
across the membrane while immunocytes, antibodies and other immune rejec- 
tion effector mechanisms are excluded [9] (Fig. 1). This approach has the poten- 
tial not only to allow allogeneic transplantation without immunosuppression, but 
also to allow the use of xenografts. 

In the form of a vascular implant, the islets can be distributed in a chamber 
surrounding the membrane, and the device implanted as a shunt in the vascular 
system [10-12]. Alternatively, the islets can be encapsulated within diffusion 
chambers (tubular and planar configurations) [13-16] or spherical micro- or 
macrocapsules [17-19] and placed intraperitoneally [13-21], subcutaneously [22, 
23] or in other sites [24] (Fig. 2). Results in diabetic animals indicate that 
these systems can function for periods of several months to more than lyear 
[25, 26]. Furthermore, results in spontaneously diabetic animals indicate that 




Xenotransplantation of Encapsulated Pancreatic Islets 



581 




Fig. 1. The principle of immunoisolation is to separate transplanted cells and tissue from the 
immune system of the host using a selectively permeable membrane (seen in cross-section). 
Nutrients and oxygen, represented here by small dotSy and secreted products, in this case proin- 
sulin, are exchanged across the membrane. Complement and immunoglobulins are prevented 
from reaching the transplanted cells partly because of their size, as shown in this conceptual 
illustration (Reprinted with permission from [9]) 

both conventional transplant rejection and autoimmune beta cell destruction can 
be blocked. However, these data also suggest that because of limitations in func- 
tional islet longevity, periodic replenishment of islets will be required in patients. 
In some designs this may pose significant difficulties. Use of biodegradable mate- 
rials may well help to solve this potential problem by allowing absorption and 
excretion of implants when the islet cells which they contain become functionally 
inactive. 
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Fig. 2. Biohybrid artificial 
devices. A In the form of a 
vascular implant, islets can 
be distributed in a chamber 
surrounding a perm-selective 
membrane, and the device 
implanted as a shunt in the 
vascular system. Alternatively, 
islets can be immunoisolated 
within B membrane diffusion 
chambers or C microcapsules 
and placed intraperitoneally, 
intramuscularly, subcuta- 
neously, or in other sites. The 
islets within these biohybrid 
devices are generally immobi- 
lized in hydrogels such as 
alginate or agar. One of the 
important functions of these 
gels is to provide more uni- 
form islet distribution by 
preventing settling and subse- 
quent aggregation of the islets 
into larger, necrotic masses. 
(Reprinted with permission 
from [25]) 




Perfusion Devices Implanted as Arteriovenous Shunts 

Although much of the immunoisolation work to date has been carried out with 
tubular diffusion chambers and microcapsules, the modern era of biohybrid 
device development began approximately 20 years ago with the introduction of 
islet-containing perfusion devices implanted as arteriovenous (AV) shunts. 
These devices offered certain obvious advantages. The islets were distributed 
in a chamber surrounding a selectively permeable membrane, and the device 
implanted as a shunt in the cardiovascular system. Therefore, only a thin mem- 
brane separated the islets from a stream of oxygenated arterial blood with a par- 
tial pressure of approximately lootorr (mmHg). By contrast, extravascular 
devices implanted intraperitoneally, intramuscularly, or in other tissues must 
exchange oxygen and nutrients over larger diffusion distances, and with a micro - 
vasculature that normally delivers oxygen at a partial pressure of only 40 torr [27, 
28]. In this regard, there are data that suggest that islet viability and/or insulin 
secretory function are detrimentally influenced at low oxygen tensions [29-31]. 
In addition, it was possible to access the cell chamber of vascular devices for 
removal and replacement of nonfunctioning islets once the device was implanted. 
The seeding ports could be designed to be accessible for reseeding using a needle 
and syringe, and could be positioned just under the surface of the skin. 

The original perfusion devices were developed in the early and mid-1970s by 
Chick et al. [32, 33]. These devices utilized bundles of capillary fibers, seeded on 
their outside surfaces with isolated islet cells. Tissue culture medium was circu- 
lated through the lumen of the fibers, and the islets secreted insulin in response 
to stimulatory glucose concentrations. However, the use of these small-diameter 
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fibers (ID, <i mm) as vascular implants was limited to short-term, ex vivo studies 
because of clotting [32, 34-39]. Experiments in which tubular membranes with an 
inner diameter of 2.7 mm were used resulted in the first demonstration of extended 
in vivo patency [40]. These larger diameter fibers remained patent as AV shunts 
for seven weeks in dogs that did not receive any systemic anticoagulation. 

An artificial pancreas device which utilized a single, coiled, tubular membrane 
with an inner diameter of 5-6 mm was investigated by our group for several years 
[41-43]* This device design incorporated a poly acrylonitrile-polyvinyl chloride 
(PAN-PVC) membrane within an acrylic housing. The islet chamber was created 
by the space between the membrane and the housing. The PAN-PVC membrane 
could not be sutured so it was connected to standard polytetrafluorethylene graft 
material of the same diameter which extended beyond the housing and was used 
for anastomosis to the vascular system. 

In vivo studies indicated that this design had excellent biocompatibility with 
respect to blood clotting. Four dogs which received devices without islet tissue 
were still ongoing after 3 years. The function of this perfused artificial pancreas 
was evaluated by implanting devices seeded with canine islet allografts into 
severely diabetic pancreatectomized dogs using a protocol that had been 
shown to optimize long-term insulin secretion in devices maintained in vitro 
[42]. These experiments indicated that the devices significantly improved glucose 
homeostasis and functioned for more than lyear [41]. Histologic evaluation of 
the devices after removal revealed viable islets with granulated alpha cells. No 
evidence of infiltration of immune cells was observed, suggesting that the mem- 
brane was indeed immunoprotective. In two animals in which the devices were 
removed one year after implantation, the exogenous insulin required to control 
fasting blood glucose concentrations increased by more than 2oU/day. In addi- 
tion, approximately 25% of the islets remained viable after one year in vivo 
(Fig. 3). One of the devices was perfused with tissue culture medium in vitro fol- 
lowing removal, and showed continued release of insulin. 

Data from the implantation of devices containing xenogeneic islets were lim- 
ited but did indicate that discordant xenografts were also feasible [25, 41]. One 
dog which received devices containing bovine islets demonstrated excellent con- 
trol of fasting glucose levels for almost 2 months without exogenous insulin. The 
results using porcine islets were even more preliminary, but in at least one dog a 
device containing porcine islets substantially decreased the exogenous insulin 
requirement for more than 6 months. 

However, a number of issues remained which appeared to limit the therapeutic 
potential of this approach. Perhaps most importantly, data suggested that the size 
and geometry of perfusion devices imposed a critical limitation on the amount of 
islet tissue that could be transplanted into a patient using a single unit. At pre- 
sent, two perfusion devices would be required to treat a patient with an insulin 
requirement of approximately 30 units/day. Attempts to lengthen the coiled, tub- 
ular membrane, thereby increasing insulin secretion, failed because of clotting. 
In addition, the glycemic control provided by the perfusion device design clearly 
was not optimal. Nevertheless, much was learned from these studies. They repre- 
sent an important step toward developing newer, simpler, more viable strategies 
for transplanting islets using encapsulation technologies. 
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Fig. 3. Canine islets retrieved 
from a vascular device after 
more than lyear in a diabetic 
dog without any immunosup- 
pression. After device 
removal, the exogenous insu- 
lin requirement of the animal 
increased more than 2oU/day. 
(Reprinted with permission 
from [25]) 




Diffusion Chambers 



Numerous devices of this type have been evaluated by our own and other groups 
[44]. These are typically tubular or planar designs. Membrane materials used to 
fabricate these devices include PAN-PVC, polypropylene, polycarbonate, and cel- 
lulose nitrate [25, 45]. These studies have been reviewed elsewhere [28, 46-49]; 
only those systems which have shown significant progress to date will be dis- 
cussed further. 

In 1982, Woodward et al. [50] examined the influence of geometry on the 
occurrence of fibrosis. He demonstrated that a disc-shaped chamber induced a 
zone of collagen-rich connective tissue between the implant and the vascular sys- 
tem, whereas a hollow-fiber elicited only a minimal response. A number of inves- 
tigations have been carried out to assess the potential of tubular chambers as an 
artificial pancreas. Others found that islet and insulinoma tissue seeded within 
hollow fibers restored normoglycemia in diabetic rodents when implanted intra- 
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Days Posttransplantation 

Fig. 4. Fasting plasma glucose concentrations (top) and body weight (bottom) in two sponta- 
neously diabetic BB/Wor rats that received discordant canine islet xenografts encapsulated in 
permselective acrylic membranes (i.e, hollow fibers). The membranes were removed from one 
rat (filled circles) at 2 months. The other animal (open circles) continued to maintain normogly- 
cemia after more than 8 months. No immunosuppression was used in this study. (Reprinted with 
permission from [58]) 



peritoneally [51-53]. Histologic analysis of recovered implants, however, revealed 
a fibrous tissue layer surrounding the membranes. The same type of fiber was 
also observed to elicit an inflammatory pericapsular response in the pig [54]. 
This tissue reaction was generally more intense, though qualitatively similar to 
that seen in the rat, except for lymphoid clusters with giant and pseudo-epithe- 
lioid cells that were observed only in the pigs. The reaction consisted of several 
layers of fibroblasts and collagen with polymorphonuclear leukocytes, macro- 
phages, histiocytes, and small lymphocytes. The fenestrated outer wall of the 
tubular membrane was always infiltrated by collagen, fibroblasts, and macro- 
phages. 

Reports from our laboratory [55-58] described a series of experiments using 
wider-bore tubular chambers with a diameter of 1. 6-4.8 mm. These studies 
were carried out with PAN-PVC membranes having a smooth outer skin. Porcine, 
bovine, and canine islets placed within these chambers restored normoglycemia 
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in streptozotocin (STZ) -induced diabetic rats for more than lyear without immu- 
nosuppression [26]. Only minimal tissue reactivity was observed. The external 
membrane surfaces were generally free of fibrotic overgrowth and exhibited 
only occasional host cell adherence. Encapsulated canine xenografts implanted 
in spontaneously diabetic BB rats also had the same success, resulting in fasting 
normoglycemia for periods of several weeks to more than eight months [58] 
(Fig. 4). Intravenous glucose tolerance test (IVGTT) Rvalues (decline in glucose 
levels, % per min) after implantation in spontaneously diabetic BB and STZ rats 
were 2.3% ±0.4% and 2.6% ±0.2% to 3.5% ±0.3%, respectively, compared with 
3.1% ±0.1% and 3.3% ±0.1% for normal control groups. In contrast, the K values 
for untreated diabetic rats were less than 1. Both light and electron microscopy of 
long-term functioning grafts revealed well-preserved islets (Fig. 5), with hor- 
mone-producing alpha, beta, and delta cells. 

While these wider-bore PAN-PVC membranes solved many of the problems 
associated with diffusion chambers (e.g., fibrosis, abscess formation, adhesions) 
[45> 59] > studies in large animals closer to man will likely be required before clin- 
ical trials can be contemplated. Experiments in totally pancreatectomized, 
severely diabetic dogs have in fact already been performed in our laboratory 
[57]. They indicated that canine islet implants can provide long-term correction 
of hyperglycemia without the use of immunosuppressive and/or antiinflamma- 
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Fig. 5. Encapsulated porcine islets retrieved from the peritoneal cavity of diabetic rats 307 days 
after xenotransplantation. (Reprinted with permission from [26]) 
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Fig. 6. Successful treatment of experimental diabetes in dogs with encapsulated islets. First 
description of the ability of an extravascular device to sustain normogyclemia in a large animal 
model without any immunosuppression. Exogenous insulin requirements (triangles) and fasting 
blood glucose concentrations (circles) in two dogs before and after device implantation. (Rep- 
rinted with permission from [57]) 



tory drugs. Insulin independence was achieved for more than 10 weeks in dogs 
with preimplantation insulin requirements of 30-40 units/ day (a dosage in the 
range of what many human patients require; Fig. 6). Little or no fibrosis was 
observed for periods as long as 30 weeks. 

In view of these encouraging results, a number of unsolved issues critical to 
the wide-scale clinical success of these devices must be addressed: (1) long- 
term bio compatibility (with risk of fibrosis, peritonitis, intestinal adhesions, 
and abscess formation), (2) membrane breakage, (3) suitability for retrieval 
(or, alternatively, the use of the peritoneum or other implantation site as a 
“dumping ground”), (4) further improvements in glycemic control, and (5) 
potential limitations imposed by the size and geometry of these chambers. 
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Biocompatibility 

Experiments performed in our laboratory have demonstrated the feasibility of 
long-term immunoisolation of islets by artificial (PAN-PVC) membranes and 
the long-term biocompatibility of the membrane versus the graft and versus 
the recipient [26, 55-58]. These data indicate that islet implants can provide cor- 
rection of hyperglycemia in dogs and rodents for periods of several months to 
more than lyear without the use of immunosuppressive drugs. Diffusion cham- 
bers fabricated from permselective acrylic membranes showed little or no evi- 
dence of an inflammatory response when implanted intraperitoneally in either 
spontaneously or STZ-induced diabetic rats [26, 58]. Complications such as 
abscess formation or intestinal adhesions, which have been observed with 
other technologies [45, 59], were not observed with these implants. 

These studies have recently been extended to implantation in the peritoneal 
cavity of a large animal, the dog, with surgically induced diabetes [57]. Histo- 
logical examination of the chambers revealed that they were biocompatible. 
The outer surface showed only scattered foci of macrophages and lymphocytes. 
Intactness and sterility of the chambers, however, were crucial factors in the 
success of the implants. In addition to loss of islet viability, damaged or con- 
taminated membranes were often encapsulated by fibrous tissue, which exhib- 
ited an interstitial acute and/or chronic inflammatory reaction and develop- 
ment of granulation tissue. Before testing can be undertaken in diabetic 
patients, it will be important to determine the cause(s) of this peritoneal tissue 
reaction. 



Membrane Breakage 

Most of the transplants described above ultimately failed because of membrane 
breakage. Under stress, the tubular chambers can bend, leading to fracture of 
the membrane walls and subsequent destruction of the encapsulated islet tissue. 
By 5-7 months postimplantation, 80 %-90 % of the membrane chambers in dogs 
had broken. The tubular membranes used in most of these studies had a wall 
thickness of only 69-105 pm. The chambers fabricated from these membranes 
were relatively fragile, and susceptible to breakage. An increase in the membrane 
wall thickness may minimize this problem. 



Methods for Removal 

Because of limitations imposed by islet longevity and resultant requirements for 
reseeding, membrane chambers will eventually require localization and removal. 
If necessary, and depending upon the site of implantation, the devices could be 
removed by laparoscopy. However, surgical excision would be necessary if diffu- 
sion chambers were to become fibroencapsulated and/or vascularized. Open sur- 
gery, of course, carries risk of infection and would be a more extensive surgical 
procedure. 
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Blood Glucose Control 

The motivation for islet transplantation is to provide physiologic control of blood 
glucose concentration. In vitro and in vivo experiments with tubular chambers 
have demonstrated only moderately delayed changes (lag time, <io min) in insu- 
lin secretion in response to changes in glucose concentration. Perifusion of 
encapsulated canine islets with glucose elicited an approximately fourfold average 
increase from the basal insulin secretion [55]. There was a delay of only 7±imin 
before the insulin concentration in the perfusate began to increase. Although this 
response is well within a time-frame compatible with closed-loop insulin delivery 
(pharmacokinetic modeling of glucose homeostasis in man suggests that the lag 
time of the increase in insulin delivery by an artificial pancreas must be less than 
15 mm to avoid significant overexcursion of postprandial blood glucose) [60], a 
reduction in the volume of the islet cell compartment would further improve 
the transmission of the glycemic signal from the blood to the islets, and of insu- 
lin from the islets to the recipient. 

In a set of experiments [57, 61], wider-bore chambers were implanted into the 
peritoneum of six totally pancreatectomized dogs, and the animals monitored for 
glycemic control by fasting and postprandial blood glucose determinations, and 
by responses to both intravenous and oral glucose. All of the dogs had varying 
degrees of reduced insulin requirements for control of fasting blood glucose 
levels. Implantation of the chambers completely supplanted exogenous insulin 
therapy in three animals for 51 to more than 90 days (each of these implants con- 
tinued to maintain blood glucose control for more than 20 weeks). The fasting 
glucose concentrations averaged 8i±6mg/dl for these three animals during the 
first month. This was lower than the fasting glucose levels prior to pancreatect- 
omy, which averaged 9i±3mg/dl. The precise reason for these slightly lower 
levels is unclear. 

Diffusion Limitations 

Immunoisolated islets lack intimate vascular access, and must be supplied with 
oxygen and nutrients by diffusion from the nearest blood vessels over distances 
greater than those normally encountered. In wider-bore membrane chambers, the 
problem of cell death or dysfunction as a result of oxygen supply limitations, or 
accumulation of wastes or other cellular products is likely to be more severe. Our 
observations with chambers with an internal diameter of 4-8 mm is consistent 
with this. Chambers retrieved from the peritoneal cavity of dogs several months 
after allotransplantation contained a central core of necrotic islets. Only a rim of 
islets remained viable within approximately 0.5-1 mm of the inner membrane 
wall. Similar results were obtained with canine islet implants into rats. These 
findings may also explain the surprisingly large number of islets required to 
achieve blood glucose control. Clearly, careful attention must be paid to the dif- 
fusion distances and transport properties of the membranes. The relatively small 
volume (and short distances) associated with smaller spherical devices would 
maximize the transfer of oxygen and nutrients to the islets, and minimize the 
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suppression of function by any islet hormonal or metabolic products which could 
accumulate in the islet compartment. 



Host Sensitization 



Although encapsulation systems serve to block uptake of antibodies and comple- 
ment, the possibility must be considered that antigens released from the cell 
compartment could stimulate a host humoral response. Such antibodies could 
be induced by antigens shed from the cell surface, or by proteins secreted by 
live cells or liberated after cell death. This could lead to an allergic response 
and/or immune complex disease. Studies have been performed in our laboratory 
in order to help rule-out the possibility of serious immunologic sequelae in reci- 
pients [62, 63]. Although these studies were carried out using islets encapsulated 
inside tubular membrane chambers, the results may be reflective of other cell 
encapsulation systems as well, including microcapsules, hollow fibers, devices 
anastomosed to the vascular system as AV shunts, and other types of implantable 
diffusion chambers. 

In these studies, chambers containing porcine or bovine islets were implanted 
intraperitoneally into STZ-induced diabetic rats. Sera were collected at various 
intervals and tested against isolated canine and porcine islets for tissue specifi- 
city and interspecies cross-reactivity by fluorescence immunocytochemistry. No 
immunofluorescence (or only weak background staining) was obtained when 
islets were exposed to horse sera, or to sera obtained prior to implantation of 
devices containing xenogeneic islets. Within 2-6 weeks, however, the postimplan- 
tation sera showed strong immunoreactivity (Table 1). The antibodies were found 
to be reactive to multiple tissues, and to possess little or no interspecies cross- 
reactivity. 

The appearance of these xenoantibodies coincided with the appearance of cir- 
culating soluble immune complexes. However, none of the respiratory, cutaneous, 
or gastrointestinal manifestations that are characteristic of an anaphylactic reac- 
tion, or of the diseases of immediate-type hypersensitivity were observed, even 
following the intraperitoneal injection of additional naked islet tissue. Renal glo- 
meruli did not stain for IgG or C3 in islet recipients. These results suggest that 



Table 1 . Xenogeneic humoral 
response induced in rats by 
encapsulated porcine islets 
(sera tested against porcine 
islets) 
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Reprinted with permission from [62] 
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islet cell antigens crossed the membrane and stimulated antibody formation in 
the host, although they did not appear to cause renal or immune-complex disease 
during the course of this study. 

In theory, the essential feature of immune-complex disease would be the 
demonstration of immune complexes in tissues and biological fluids. However, 
the formation, fate, biologic activities, and pathologic potential of immune com- 
plexes depend on (a) the nature of the antigens (size, valence, chemical composi- 
tion, and magnitude and duration of exposure) and antibodies (affinity and reac- 
tivity with phlogogenic mediators) involved, (b) the molar ratio and production 
rate of the two reactants, and (c) the state of the host’s phagocytes (both circu- 
lating leukocytes and the reticuloendothelial system) [64]. In the experimental 
serum sickness model, more than 99% of the immune complexes formed are 
eliminated by phagocytes, predominantly by the liver’s Kupffer cells, leaving 
less than 1% of the complexes capable of producing disease [65]. Overload of 
this system may be causative in precipitating disease [66-69]. 

It is important to note that in diseases of immediate-type hypersensitivity (or 
allergies), genetic factors exert an important influence on many specific immuno- 
globulin responses [70]. In humans, individual haplotype has been shown to be 
associated with the magnitude of responsiveness to certain antigens [71-73], and 
could predispose certain xeno-device-sensitized patients to an anaphylactic reac- 
tion following exposure to other xenogeneic proteins in the form of foods (e.g., 
the ingestion of pork). However, none of the clinical manifestations that are char- 
acteristic of the anaphylactic syndrome, or of the diseases of immediate type 
hypersensitivity, were observed in this study, even after reexposure to a signifi- 
cant quantity of islet material. 



Microcapsules 

Over the past decade, several methods for microencapsulating islets have been 
investigated [74]. Microcapsules offer a number of distinct advantages over the 
use of other biohybrid encapsulation devices, including greater surface to volume 
ratio, ease of implantation (can simply be injected), and retrievability by lavage 
and needle aspiration (or alternatively, fabrication from biodegradable materials). 
However, a variety of problems limit the usefulness of most microcapsules, and 
only the alginate-poly-i-lysine (PLL) system has resulted in long-term islet func- 
tion in larger animals. This type of microencapsulation system is also widely 
used to immobilize microbial cells for industrial applications [75, 76]. The pro- 
cedure involves extruding a mixture of cells and sodium alginate using a droplet 
generation device into a CaCl2 solution. 

Using this procedure to entrap islets in calcium alginate hydrogels, Lim and 
Sun [77] then coated these negatively charged gelled droplets with positively 
charged PLL. However, these capsules were unstable and produced an inflamma- 
tory response when implanted into the peritoneal cavity of animals [78, 79]. 
Modifications in the encapsulation procedure have improved the biocompatibility 
of the capsules, resulting in a dramatic increase in the duration of islet allograft 
function in diabetic rodents to more than lyear [80]. Implanted rat-to-mouse 
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islet xenografts produced blood glucose control for a shorter period of time. 
Although prolongation of survival of canine islets has also been achieved with 
the alginate-PLL technique, these studies have been performed in mice, and 
have usually required adjunctive treatment with immunosuppressive agents 
[81-83]. Weber et al. [84] found that alginate-PLL microcapsules containing 
canine islets functioned for less than 2 weeks in diabetic nonobese diabetic 
(NOD) mice. With anti-CDq monoclonal antibody treatment, however, long- 
term functional survival was observed in many of the recipients. 

Recently, prolongation of discordant xenograft survival in STZ-induced dia- 
betic mice has been achieved in our laboratory without immunosuppression 
using alginate microspheres without the synthetic poly (r-lysine) membrane 
[85]. Uncoated alginate spheres containing porcine and bovine islets routinely 
reversed hyperglycemia after intraperitoneal injection into diabetic mice. All 
but one (13 out of 14) of the grafts functioned for at least 1 month, and in 11 ani- 
mals for at least 10 weeks. In comparison, nonencapsulated islet transplants failed 
to function, or sustained euglycemia for less than 4 days. 

The ability of uncoated microspheres to achieve marked prolongation of dis- 
cordant xenograft survival is surprising, as the destruction of the grafts might 
have been expected to occur based on the presence of circulating preformed nat- 
ural antibodies in the recipients that are reactive to cells of the donor [86]. Our 
data suggest that proteins of the complement system would also have had access 
to the encapsulated islet graft. Naturally produced antibody and activation of the 
complement cascade are generally thought to target the donor endothelium [87, 
88]. The cytotoxic antibodies in man against pig xenoantigens are believed to 
be directed against a-galactosyl epitopes, which are expressed on vascular 
endothelium but are not expressed on many parenchymal cells [89, 90]. These 
antibodies appear to trigger the hemorrhagic necrosis that leads to solid organ 
rejection [9i-94l- However, the role of xenoreactive natural antibodies in islet 
rejection is still uncertain. An explanation for the immunoprotective effect of 
the alginate spheres also needs to accommodate the fact that cytokines (M^, 
10-30 kDa), nitric oxide and other toxic moieties are small enough to diffuse 
readily into the gel matrix, yet did not induce obvious dysfunction or destruction 
of the islet grafts. 

Our data suggest that the alginate matrix served as a physical barrier to pre- 
vent direct effector cell contact with the donor tissue. However, we cannot rule 
out the possibility that immunological effector molecules were excluded from 
the negatively charged alginate gels based on properties other than simply molec- 
ular weight. The destruction of discordant islet xenografts may depend upon 
proteins that carry charges under physiological conditions. For example, one 
or more of the components of the complement system with its cascading series 
of plasma enzymes, regulatory proteins, and proteins capable of cell lysis could 
be affected by the electrostatic interaction between the gel support and protein 
charges. Other phenomena may also be involved in the mechanism(s) of protec- 
tion. Zekorn et al. [95] have shown that encapsulated islets are protected from 
high doses of IL-i (M^, 17 kDa) inside hollow-fiber membranes with a molecular 
weight cutoff of 50 kDa. The authors suggested that a nonspecific coating of the 
membranes by serum proteins may have caused the protective effect. 
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Fig. 7. Mean nonfasting plasma glucose levels in four streptozotocin (STZ)-induced diabetic rats 
that received intraperitoneal implants of alginate-encapsulated bovine islets. All of the animals 
received low-dose cyclosporine (CsA, 10-20 mg/kg per day s.c.). Immunohistochemical staining 
of the grafts (>100-150 days) revealed healthy viable islets (80 %-ioo %, comparable to the day o 
control specimens), with well- granulated alpha, beta, and delta cells. This method for transplant- 
ing discordant islets into rats is simple and inexpensive and may also be a useful procedure for 
transplanting other cells and tissues. These spheres can be formed simply by extruding a mixture 
of cells and sodium alginate with a 16-gauge angiocatheter into a CaCl^ solution. (Reprinted with 
permission from [96]) 



Although our results using uncoated alginate microspheres in mice are 
encouraging, it will be important to study the nature and extent of this immu- 
noprotectivity in other animal models. Preliminary experiments in diabetic 
rats suggest that uncoated alginate spheres containing porcine and bovine islets 
can reverse hyperglycemia for periods of up to more than 175 days [96] (Fig. 7). 
However, these results have been inconsistent and usually have required adjunc- 
tive treatment with immunosuppressive agents. Whether this immunosuppression 
can be eliminated, or the alginate microspheres modified to provide more com- 
plete immunoprotection, requires further assessment and study. 

Experiments in spontaneously diabetic dogs have also been performed in our 
laboratory. Results indicate that long-term survival of canine islet allografts can 
be achieved by encapsulation inside uncoated alginate spheres (Fig. 8). Although 
low-dose cyclosporine (CsA) was also administered, by 3 weeks postimplantation 
the whole-blood trough levels of the drug were below detectable limits by high- 
performance liquid chromatography (HPLC). Implantation of the microspheres 
completely supplanted exogenous insulin therapy in the dogs for 60 to more 
than 150 days. These results may have important implications in assessing the 
potential role for this type of microreactor as therapy for human insulin-depen- 
dent diabetes. Moreover, by using recombinant methods and encapsulating other 
tissues, it may also prove possible to treat patients suffering from a wide variety 
of other disorders requiring hormone or enzyme replacement therapy. 
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Fig. 8. Fasting blood glucose concentrations in a spontaneously diabetic dog that received an intra- 
peritoneal implant of alginate-encapsulated canine islets. (Reprinted with permission from [13]) 



Soon-Shiong et al. [97] have also reported successful long-term implantations 
of microencapsulated allografts in larger animals. They treated spontaneous dia- 
betes in dogs administered low doses of cyclosporine. These PLL-coated micro- 
spheres maintained euglycemia for 63-172 days, comparable to the results 
obtained in our laboratory without the synthetic poly-L-lysine membrane. 
Using the same technology, Soon-Shiong et al. [98] have also achieved insulin- 
independence in a patient for approximately 1 month. However, this patient was 
on a regimen of immunosuppressive drugs, and subsequently required exogenous 
insulin therapy. Calafiore et al. [99] have also achieved insulin independence in 
one of three alloxan-induced diabetic dogs and, transiently, in one of two 
patients without any pharmacologic immunosuppression. However, these micro- 
capsules were coated with PLL and were deposited in artificial prostheses directly 
anastomosed to blood vessels. 

More recently, our laboratory has successfully tested a new type of microreac- 
tor in both rodents and normal dogs using discordant islet xenografts [13, 100]. 
Coated and uncoated islet-containing microreactors were implanted into the peri- 
toneum of normal dogs for periods of four to six weeks. Few or no islets sur- 
vived in the uncoated microcapsules, even with the use of triple immunosuppres- 
sive therapy. However, when bovine islets were immobilized inside the new type 
of coated microreactor, the tissue remained viable both with and without low- 
dose immunosuppression (Fig. 9). Immunohistochemical staining revealed well- 
granulated alpha, beta, and delta cells consistent with functionally active hor- 
mone synthesis and secretion. To test further the secretory function of the islets, 
the explanted microreactors were incubated in solutions containing either basal 
(5omg/dl) or stimulatory (3oomg/dl) concentrations of glucose. In both the 
immunosuppressed and non-immunosuppressed dog experiments, the explanted 
islets responded with an approximately four- to sixfold average increase above 
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Fig. 9. Encapsulated bovine islet retrieved from the peritoneal cavity of a dog 6 weeks after xeno- 
transplantation. These new biodegradable “microreactors” are injectable and do not appear to 
require the use of immunosuppressive drugs to prevent rejection 



basal insulin secretion. We hope to bring this new approach to xenotransplanta- 
tion to clinical reality within the next year. 



Comment 

There is considerable excitement among researchers and clinicians who hope to 
see the introduction of a hybrid pancreas to replace conventional insulin therapy. 
The transplantation of encapsulated islets has recently been extended from 
rodents to larger animals, and is now moving from the laboratory to the patient. 
Data from our laboratory suggest that this approach has the potential not only to 
allow the transplantation of islets across a wide species barrier, but that it can be 
achieved using injectable microreactors fabricated from biodegradable polymers. 
The next few years should prove to be ones of great challenge and, hopefully, of 
great excitement and promise to those involved in islet transplantation. It appears 
likely that by the year 2000 clinical trials utilizing encapsulated islet xenografts 
to treat diabetic patients will become a reality. This in turn will serve as an 
important starting point for developing living-drug delivery systems for treating 
a wide range of additional disorders. For patients with diabetes, as well as those 
with other diseases such as cancer, hemophilia, liver failure, and Parkinson’s, the 
coming years hold promise for greatly improved therapy using encapsulated cells. 
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Introduction 

Since the late 1980s a number of new immunosuppressive agents with novel 
mechanisms of action and distinct therapeutic efficacies have emerged [1-6]. 
Many of these offer the ability to prolong xenograft survival dramatically and 
have toxicity profiles compatible with their future use in clinical xenotransplan- 
tation [5, 7-10]. 

Xenografting is currently a very diverse field with a variety of different species 
and organ combinations, each with slightly different immunological mechanisms 
of rejection. However, several general observations can be made. For example, all 
xenografts can be roughly classified into one of four possible categories (Table 1). 
Species combinations have historically been functionally classified as concordant 
or discordant [11]. Concordant combinations typically occur among species that 
are more closely related such as hamster/rat combinations. In concordant combi- 
nations, the recipient lacks detectable natural antibodies against the donor and 
the recipient’s alternative complement pathway is not activated by the donor 
graft [12]. In discordant combinations, preexisting natural antibodies and com- 
plement circulating in the recipient rapidly damage the donor graft immediately 
after xenografting [12, 13]. However, while the concordant-versus-discordant clas- 
sification scheme is generally correct and will be used here, several recent studies 
of xenograft rejection indicate that each species combination produces an 
immune response that is dissimilar to somp extent from that produced by 
other species combinations [14]. 

Furthermore, different organ types demonstrate different susceptibilities to 
hyperacute and acute immune disruption. Liver and, to a lesser extent, lung 
grafts tend to be more resistant to antibody- and complement-mediated damage 
than do heart grafts (Table 2) [7, 14, 15]. However, this difference may be partially 
due to the different physiological endpoints used to identify graft loss. Xeno- 
grafts using relatively resistant organs, for example livers, are termed “special,” 
giving us the final two classes of xenografts: special concordant and special dis- 
cordant. In addition, the special discordant category also includes a few distinct 
strain combinations in which, despite a relatively distant phylogenetic relation- 
ship between the species, xenoreactive antibodies and complement fail to damage 
the graft. 



‘T.R. Brazelton and A. Cheung contributed equally to this chapter. 
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Table 1 . General classes of xenografts 



Class 


Comments 


Concordant 


Heart and kidney grafts between closely related species 
No xenoreactive natural antibodies or graft-induced complement 
activation 

Includes hamster/rat, mouse/rat, monkey/baboon, and chimp/human 
combinations 


Special concordant 


Liver and possibly lung grafts which display resistance to humorally 
mediated damage 


Discordant 


Heart and kidney grafts between less closely related species 

Natural antibody and complement activation lead to hyperacute rejection 

Includes guinea pig/rat, pig/baboon, and pig/rabbit combinations 


Special discordant 


Liver or lung grafts 

Heart and kidneys in rare strain combinations that are not related 
but in which hyperacute rejection is attenuated 



Table 2. Typical xenograft survival times in untreated animals 


Model 


Survival times 






(donor/ recipient) 


Heart 


Liver 


Lung 


Hamster/rat 


2-4 days 


6-8 days 


5.4 days 


Mouse/rat 


4.5-7.5 days 


- 


- 


Rat/mouse 


2-4 days 


- 


- 


Guinea pig/rat 


8-21 min 


2.5-16.7 h 


53 min 



Based on [14, 15, 40, 190]. 



To achieve long-term functioning xenografts, four major immunological bar- 
riers must be overcome: (i) hyperacute rejection, (2) delayed (or accelerated) vas- 
cular rejection, (3) acute cellular rejection, and (4) chronic rejection. 

Hyperacute rejectioriy the first barrier, is mediated primarily by preexisting 
xenoreactive antibodies and the complement system, but phagocytic and natural 
killer cells also play a role [12]. Hyperacute rejection has been successfully over- 
come by a variety of techniques which prevent natural antibody- and comple- 
ment-mediated injury (Fig. 1) [13, 16-19] (reviewed in [12]). Natural antibodies 
can be depleted by plasmapheresis, plasma exchange, organ perfusion, and 
immunoabsorption with affinity columns [12, 17-19]- Alternatively, natural anti- 
body production can be inhibited by splenectomy, irradiation, lymphocyte- 
depleting antibodies, and immunosuppressive drugs [12, 16-22]. Complement- 
mediated injury can be prevented with cobra venom factor, soluble complement 
receptor type 1, heparin, complement regulatory proteins such as decay acceler- 
ating factor and homologous restriction factor, as well as several other types of 
complement inhibitors [12, 17, 19]. The creation of transgenic animal strains 
expressing complement-mediating proteins such as human decay- accelerating 
factor represents a recent approach to reduce complement-mediated injury [23, 
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Fig.l. Pathogenesis of humoral xenograft rejection. CsA, cyclosporin A; MMF, mycophenolate 
mofetil; RPM, rapamycin; LFM, leflunomide; BQP, brequinar sodium; DSG, 15- 
deoxyspergualin; TcP, T cell receptor; APC, antigen-presenting cell; Ag, antigen; Mah, monoclo- 
nal antibody; CVF, cobra venom factor; sCri^ soluble complement receptor 1; DAP, decay-accel- 
erating factor; MAC, membrane attack complex; C, complement; ADCC, antibody-dependent cel- 
lular cytotoxicity 



24]. And finally, the most commonly utilized method of avoiding hyperacute 
rejection has been the use of concordant xenograft combinations in which 
neither natural antibody nor complement is significantly active. In summary, 
due to advancements during the last decade, the hyperacute xenograft rejection 
barrier can be consistently overcome. 

The second immunological barrier is delayed (or accelerated) vascular rejec- 
tion, which typically occurs 1-5 days after xenografting and is mediated primarily 
by graft-induced xenoreactive antibodies [7, 17, 25-30]. This barrier has been 
breached by a variety of B cell- depleting treatments, such as splenectomy, irra- 
diation, and anti-lymphocyte antibodies. Furthermore, short-term therapy with 
several immunosuppressive agents (reviewed below), notably deoxyspergualin, 
brequinar sodium, and leflunomide, are able to consistently bring xenografts 
beyond this barrier (Fig. 1). 

Once a xenograft has avoided both hyperacute and delayed vascular rejection, 
the next challenge is to avoid the third barrier, acute cellular rejection, which is 
mediated primarily by the cellular arm of the immune system and is, in many 
ways, similar to the rejection seen in untreated allografts. The extensive experi- 
ence gained with the use of immunosuppressive drugs to treat allograft rejection 
is applicable for the prevention of acute cellular rejection. Several of the immu- 
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Table 3. Summary of mechanisms of action, toxicity, and efficacy of immunosuppressive agents in 
preventing xenograft rejection 



Agent 


In vitro targets-effect 


Efficacy in preventing 
xenograft rejection 


Toxicity^ 






Cellular 


Humoral 




Cyclosporine 


Calcineurin serine/threonine 
phosphatase - inhibits IL-2 
transcription 


+-1-I- 


+/- 


++ 


Tacrolimus 


Calcineurin serine/threonine 
phosphatase - inhibits IL-2 
transcription 


++-I- 


+/- 


+ 


Sirolimus 


? 70 kDa S6 and cyclin- 
dependent kinases - inhibits 
IL-2 transduction 


+++ 


+ 


++ 


Deoxyspergualin 


? Heat shock protein 70 and 
90 - interferes with antigen 
processing/presentation 


+ 


+++ 


+++ 


Mycophenolate 

mofetil 


Inosine monophosphate 
dehydrogenase - inhibits 
purine biosynthesis 


++ 


++ 


++ 


Brequinar 


Dihydrooratate dehydrogenase 
- inhibits pyrimidine bio- 
synthesis 


+-I- 


+++ 


++ 


Leflunomide 


? Dihydrooratate dehydrogenase 
- inhibits pyrimidine bio- 
synthesis 

? Tyrosine kinases 

inhibits IL-2 signal-transduction 


++ 


++-I- 


+/- 



^The degree of toxicity relates to the toxic effects of the drug when used at a dosage that is 
typically successful in prolonging xenograft survival. 

IL, interleukin. 



nosuppressive agents, particularly cyclosporine, tacrolimus and sirolimus, effec- 
tively allow xenografts to surmount this barrier (Fig. i). 

The last barrier, chronic rejection^ is being increasingly encountered in xeno- 
grafting. Chronic rejection, which is the major barrier to long-term survival of 
allografts, is currently a subject of intense interest in the allograft transplantation 
community. Several new immunosuppressants, notably sirolimus, mycophenolate 
mofetil and leflunomide, are currently promising in their abilities to breach this 
final barrier. 

The focus of this review is new immunosuppressants with efficacy and toxicity 
profiles consistent with their future use in clinical xenotransplantation (Tables 3, 
4). We have chosen not to include cyclophosphamide or methotrexate in this 
review due to their narrow therapeutic indices. Azathioprine has not been 
included since it fails to prolong xenograft survival significantly [7, 31]. Cyclos- 
porine (CsA) is primarily effective in xenografting when it is used in combina- 
tion with other immunosuppressants, and it is mentioned where appropriate 
throughout this review. 
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Table 4. Summary of survival of hamster hearts xenografted into rats treated with various immu- 
nosuppressive regimens 



Treatment 


References 


Median or 
mean survival 
ranges (days) 


Individual means or 
medians (days) 


Mortality 

and 

morbidity^ 


None 


[7, 53, 54, 64, 83-88, 
90, 106, 107, 158, 191, 
192] 


2-4 


2, 3, 3, 3, 3, 3, 3, 3, 

3, 3, 3, 3, 4, 4, 4, 4 


None 


CsA 


[9, 10, 14, 38, 64, 86, 
106, 107, 156, 158] 


2-28 


2, 3, 3, 4, 4, 5, 6, 7, 
28 


Significant 


FK 


[7, 38, 39, 45, 52, 53, 
157] 


3-5 


3, 4, 4, 4, 5, 5, 5 


Significant 


DSG 


[54, 64, 83-88, 90, 
192] 


4-14 


4, 5, 5, 5, 7, 7, 9, 10, 
13, 14 


High 


MMF 


[7, 90] 


9-12 


9, 12 


Significant 


RPM 


[9, 90, 130] 


4-5 


4, 5, 5 


Minimal 


BQR 


[7, 9, 26, 146] 


25 to >42 


25, 27, 40, >42 


Significant 


LFM 


[10, 30] 


11-71 


11, 71 


Minimal 


SPL 


[45, 52-54, 84, 85, 87, 
88, 90, 158] 


5-6 


5, 5, 5, 6, 6, 6, 6, 6, 

6, 6 


Minimal 


CsA-hSPL 


[53, 86] 


24-146 


24, 146 


Minimal 


FK-hCsA 


[38] 


5 


5 


Very high 


FK+SPL 


[41, 45, 52-54, 193] 


33 to >100 


33, 36, 37, 44, >70, 
>100 


High 


DSG+FK 


[7, 54, 64] 


14 to >70 


14, 18, >70 


Very high 


DSG+MMF 


[90] 


7 


7 


NA 


DSG+SPL 


[53, 54, 84-86, 88, 90] 


7-93 


7, 10, 18, 18, 22, 23, 
93 


High 


DSG+FK-hSPL 


[54] 


17 


17 


Very high 


DSG+MMF-I-SPL 


[90] 


27 


27 


Very high 


MMF-hCsA 


[106, 107] 


5-6 


5, 6 


Minimal 


MMF-hFK 


[7] 


>100 


>100 


Minimal 


MMF+BQR 


[106, 107] 


10-11 


10, 11 


Moderate 


MMF-I-SPL 


[90] 


7 


7 


NA 


BQR+CsA 


[106, 156, 158] 


33 to >100 


33, >49, >100 


Moderate 


BQR-hFK 


[7] 


>100 


>100 


NA 


BQR-hSPL 


[146] 


15 


15 


High 


BQR+CsA-hSPL 


[158] 


>16 


>16 


Very high 


BQR-hMMF+CsA 


[106, 107] 


>20-40 


>20, 40 


Minimal 


BQR-hRPM+CsA 


[9] 


40 


40 


Minimal 


LFM+CsA 


[10, 30] 


>90 


>90, permanent 


None 



Studies using ineffective doses have not been included. 

^Degree of toxicity seen in longer-surviving groups. 

CsA, cyclosporine; FK, FK506, tacrolimus; DSG, deoxyspergualin, gusperimus (also includes 
deoxymethylspergualin); MMF, mycophenolate mofetil, mycophenolic acid; RPM, rapamycin, 
sirolimus; BQR, brequinar sodium; LFM, leflunomide; SPL, splenectomy; NA, data not available. 
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Tacrolimus (FK506) 

History 

Like most other immunosuppressive agents, tacrolimus is a microbial product. It 
was first isolated from Streptomyces tsukubaensis by Goto and Kino from Fuji- 
sawa Pharmaceuticals in 1984 [1]. In vitro, tacrolimus was found to be 50-100 
times more potent than CsA in inhibiting mitogen stimulated T and B cell pro- 
liferation. It was found to effectively prolong skin, heart, liver, and kidney allo- 
graft survival in numerous small and large animal models. In addition, it is able 
to halt the development or reverse the effect of hereditary or induced autoim- 
mune diseases in animals [31, 32]. Recently, tacrolimus has gained popularity 
among liver and kidney transplant physicians because of its superiority to CsA 
for the prevention and reversal of ongoing organ allograft rejection in several 
clinical trials. 



Structure and Mechanisms of Action 

Tacrolimus is a macrolactam with a molecular mass of 804 Da. Tacrolimus can be 
distinguished from other macrolactams, except rapamycin, by its hemiketal- 
masked, a,P-diketoamide in a 23-membered ring (Fig. 2). Since tacrolimus is 
hydrophobic it is formulated in alcohol and a surfactant for intravenous use. 
Orally, it is supplied in a hydroxypropylmethyl cellulose dispersion. 

Tacrolimus is structurally unrelated to cyclosporine. However, tacrolimus’s 
immunosuppressive action on lymphocytes is remarkably similar to CsA, i.e., 
inhibiting interleukin (IL)-2 gene transcription. At the cellular level tacrolimus 
first binds to a cytosolic protein, FK-binding protein (FKBP). Of the many 
FKBP isoforms, FKBP12 is believed to be the instrumental mediator of the immu- 
nosuppressive actions of tacrolimus. This tacrolimus-FKBPi2 complex then binds 
to calcineurin and subsequently blocks IL-2 gene transcription [33-35]. T cell 
activation stimulates T cell receptor (TcR)-associated tyrosine kinase activity, 
leading to an influx of extracellular calcium and calcium mobilization intracellu- 
larly. The increase in intracellular calcium stimulates several calcium-dependent 
events including the activation of calmodulin/calcineurin’s serine/threonine phos- 
phatase which leads to dephosphorylation of transcription factors (NF-ATs). 
Dephosphorylated NF-ATs translocate into the nucleus and attach to the promo- 
ter region of cytokine genes, stimulating transcription and subsequent cytokine 
production. In addition to inhibiting IL-2 production, tacrolimus inhibits the pro- 
duction of IL-3, IL-4, IL-5, interferon (IFN)-y, tumor necrosis factor (TNF)-a, and 
granulocyte-macrophage colony-stimulating factor (GM-CSF) [36, 37]. 



Tacrolimus in Xenografting 

Tacrolimus is similar to CsA since, when both are used as single agents, they 
typically prolong xenograft survival ineffectively in all discordant and in stan- 
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Fig.2a,b. Molecular structures 
of a sirolimus and b tacroli- 
mus 




dard concordant combinations. However, both of these agents have had consider- 
able success maintaining a variety of allografts. This discrepancy is explained by 
the observation that xenograft survival closely correlates with the suppression of 
T cell-independent anti-donor antibodies [7, 17, 25-30], while both tacrolimus and 
CsA act primarily against cellular immune responses and T cell-dependent 
humoral responses. Tacrolimus is able to inhibit rat popliteal lymph node 
swelling in response to hamster xenoantigen stimulation [38]. However, this is 
likely due to predominantly T cell inhibition, since hamster hearts xenografted 
into similarly treated rats do not survive longer than untreated controls [38]. 
Inhibition of the cellular response to a xenograft becomes important only if inhi- 
bition of the humoral response has been sufficient to allow the graft to survive 
long enough for cellular rejection to develop. Thus agents inhibiting the cellular 
response have proved most effective when used in combination with therapeutic 
regimens that inhibit antibody production. 
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In models of hamster and mouse cardiac xenografts into rats, neither tacroli- 
mus nor CsA prolongs graft survival more than a day despite a variety of dosing 
regimens that have been attempted [7, 13, 38-44]. However, in special concordant 
situations, such as liver xenografts, which are somewhat resistant to humorally 
mediated rejection, tacrolimus alone is able to increase graft survival signifi- 
cantly [7, 39, 45]. In fact, as a monotherapy for hamster-to-rat liver xenografts, 
tacrolimus appears to be superior to brequinar, mycophenolate mofetil and cyclo- 
phosphamide [7]. Valdivia et al. [39] were consistently able to extend survival of 
hamster liver grafts in rats to over 100 days with tacrolimus alone. Furthermore, 
they found that a 2-week treatment of low-dose tacrolimus at the time of trans- 
plantation was able to extend mean graft survival to 47.2 days. Other groups 
xenografting hamster or mouse livers into rats have consistently extended 
mean graft survival times to over 30 days [40, 42, 45, 46]. However, Celli et al. 
[45] documented that most long-term recipients had severe jaundice and biliary 
proliferation but few signs of rejection when they died, and postulated that the 
liver damage was likely the result of the initial humoral attacks. 

Interestingly, CsA has not been effective in these models of liver xenografting 
despite the similar actions of these two drugs [47, 48]. A possible explanation 
for this discrepancy is the observation that tacrolimus distributes preferentially 
to the liver relative to CsA [49]. Tacrolimus monotherapy has also successfully pro- 
longed mouse skin graft survival in rats and fetal pig pancreatic graft survival in 
mice [50, 51]. Thus, while tacrolimus alone is able to control xenograft survival 
effectively in special situations such as concordant liver and nonvascularized xeno- 
grafts, its ability to control xenograft rejection of other solid organs is limited [38]. 

However, when tacrolimus is combined with therapies that deplete antibodies 
or inhibit antibody production, xenograft survival improves dramatically. In fact, 
tacrolimus often displays a synergistic effect when used in such combinations 
[45> 52, 53]. This concept was first demonstrated by combining tacrolimus with 
splenectomy in a variety of animal models, the most popular of which is the 
hamster cardiac xenograft-to-rat model. In this model, splenectomy alone typi- 
cally delays xenograft rejection until around day 5 or 6 [45, 52-54]* The addition 
of tacrolimus for the first 4 weeks post-transplant typically extends graft survival 
out to about 35 days [52, 54]. Furthermore, several groups have demonstrated that 
precisely timed splenectomies combined with tacrolimus treatment consistently 
results in indefinite cardiac xenograft survival (>100 days) [45, 53]. However, a 
significant increase in mortality was observed when tacrolimus was combined 
with splenectomy [52]. Once again, despite similar effects on allografts, this 
xenograft model found tacrolimus significantly superior to CsA, which failed 
to demonstrate a synergistic effect when used in combination with splenectomy 
[53]. In rhesus monkey recipients of baboon heart xenografts the efficacy of 
tacrolimus was potentiated by splenectomy [55]. 

However, while splenectomy serves as a useful experimental manipulation, 
other less invasive approaches are required if xenografting is to become a viable 
clinical option. The efficacy of both pretransplant plasmapheresis and plasma 
exchange has been demonstrated, but in both cases xenoreactive antibodies 
rapidly reappear in the recipient. In the last few years, several new immunosup- 
pressive drugs with the ability to effectively inhibit antibody production have 




610 



T.R. Brazelton, A. Cheung, and R.E. Morris 



been tested in xenograft models. These new agents are most useful when used in 
combination with agents such as tacrolimus or CsA that inhibit the cellular 
immune response. These combination therapies are discussed below. 



15-Deoxyspergualin 

History 

15-Deoxyspergualin (DSG), an analogue of the anti-neoplastic drug spergualin, 
was first isolated from a culture of Bacillus laterosporus. DSG was initially 
intended for use in cancer therapy [56]. However, in 1985 Umezawa et al. demon- 
strated that spergualin possessed immunosuppressive properties [2]. Subse- 
quently, DSG was found to be more immunosuppressive than its parent com- 
pound [2, 57, 58]. Since then DSG has been shown to effectively prolong allo- 
and xenograft survival in numerous animal transplant models [57, 59-66]. 



Structure and Mechanisms of Action 

DSG is a spermidine polyamine, has a molecular mass of 496 Da, and is highly 
soluble in aqueous solution. DSG is given intravenously in human subjects 
because of its poor oral bio availability and short half-life of only 30 min. The 
major toxicities of DSG are adverse gastrointestinal effects and myelosuppression. 
DSG’s toxicity correlates well with its peak concentration. 

The mechanisms of action of DSG are not well defined. It is hypothesized that 
DSG acts directly on monocytes/macrophages and inhibits their ability to process 
and/or present antigen. Early studies indicated that DSG inhibited T and B cell 
proliferation in vitro. However, these in vitro studies were carried out in presence 
of polyamide oxidases (PAO), which metabolize DSG into toxic aldehydes [67, 
68]. It is now known that DSG fails to inhibit lymphocyte proliferation in the 
absence of PAO, suggesting that DSG does not act directly on T cells [69]. DSG 
has consistently demonstrated its ability to inhibit immunoglobulin production 
in vivo [18, 20, 24, 70-72]. DSG is believed to affect both T cell-dependent and 
independent antibody production [73, 74]. Furthermore, in vitro studies have 
shown that DSG can inhibit antibody production independent of B cell prolifera- 
tion [23]. In addition, once B cells become terminally differentiated into plasma 
cells, DSG fails to inhibit immunoglobulin secretion, suggesting that DSG affects 
B cells at an early stage of cell differentiation [11, 23]. However, the exact 
mechanisms of action of DSG on B cells remaine controversial. 

Recent experiments have shown that while DSG pretreatment of tetanus- and 
diphtheria toxin-stimulated macrophages inhibits the macrophage’s ability to sti- 
mulate T cell proliferation, DSG has no effect when added directly to a culture of 
T cells and prestimulated macrophages [75]. The role of DSG on IL-i and IFN-y 
synthesis, as well as on the expression of major histocompatibility (MHC) class II 
antigens from monocytes, remains controversial [76-79]. Another recent finding 
suggests that DSG may inhibit monocytes by binding to heat shock proteins 
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(Hsp) 70 and 90, which are believed to participate in antigen processing and 
presentation [80-82]. The exact role of this interaction is not entirely clear. 



15-Deoxyspergualin in Xenografting 

DSG monotherapy moderately prolongs xenograft survival in concordant strain 
combinations. Hamster-to-rat cardiac xenografts typically survive 5-12 days, com- 
pared to 3-4 days for untreated controls [54, 83-86]. The results tend to vary 
more among studies than for most other drugs. These variations are partially 
due to the different dosage schedules that have been used. Because toxicity is 
common when using DSG, many groups are still attempting to create better treat- 
ment schedules. Furthermore, instead of daily drug administration, the continu- 
ous infusion of a more stable derivative of DSG, deoxymethylspergualin, has led 
to slightly increased graft survival [87, 88]. The experience with the mouse-to-rat 
cardiac xenografts has been similar to the hamster-to-rat cardiac xenograft 
experience [70, 89]. However, Corry et al. [59] demonstrated that rat-to-mouse 
cardiac xenografts treated for 20 days postoperatively had a median survival 
time of >26 days compared to 5 days in the control group. Slightly prolonged sur- 
vival of hamster-to-mouse islet cell xenografts has also been reported with DSG 
monotherapy [61, 62]. 

The addition of splenectomy has extended survival of DSG-treated grafts. 
However, a clear potentiated interaction, as is seen between tacrolimus and 
splenectomy, has not been consistently observed even though a few experiments 
suggest this possibility [53, 86]. This lack of potentiation may be due to the fact 
that neither DSG nor splenectomy strongly inhibits cell-mediated graft rejection. 
The combination of DSG and splenectomy typically results in hamster-to-rat 
cardiac xenograft survival for 18-22 days, while splenectomy alone extends 
graft survival to days 5 or 6 [45, 52-54, 84, 88]. 

However, disagreement exists regarding the efficacy of DSG and splenectomy 
for prolongation of hamster cardiac xenograft survival in rats. Two groups 
have found that mean graft survival is prolonged less than 11 days [85, 90]. 
In contrast, Thomas et al. [86] were able to maintain functioning grafts for an 
average of 94 days with only a 14-day DSG treatment when combined with 
splenectomy; furthermore, two out of the ten animals in this study were able 
to maintain their grafts indefinitely (>160 days) [86]. In accordance with current 
views on the central role of antibody in xenorejection, this study found an asso- 
ciation between lower xenoreactive antibody titers in the early post-transplant 
period (days 0-40) and a lack of xenograft rejection. However, six of their ani- 
mals that had graft survival of more than 100 days had xenoreactive antibody 
titers that were not significantly different from animals with rejecting grafts, 
indicating that the development of humoral accommodation had occurred [86]. 
Humoral accommodation, however, has proven to be difficult to achieve. Most 
investigators still find that the maintenance of low titers of xenoreactive anti- 
bodies is required for long-term graft survival [7, 25, 29, 91, 92]. However, 
increased morbidity and mortality have been observed when DSG is combined 
with splenectomy [85]. 
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Furthermore, in one study, hamster-to-rat cardiac xenograft survival was 
extended to a mean of 26.3 days when DSG was combined with total lymphoid 
irradiation [63] despite the failure of total lymphoid irradiation alone to prolong 
graft survival. Animals receiving the combined treatment had significantly lower 
xenoreactive antibody titers at the time of rejection, and histopathology of 
rejected grafts indicated that rejection had been initiated predominantly by cel- 
lular-mediated immunity [63]. 

DSG has also been tested in a variety of discordant strain combinations. In 
guinea pig-to-rat cardiac xenografts DSG alone does not significantly affect 
graft survival [13, 93]. This finding is not surprising, since in this model the 
heart is hyperacutely rejected in 8-21 min [13, 14, 18] by mechanisms involving 
natural antibodies and complement. However, if complement is depleted by treat- 
ment with cobra venom factor prior to the transplant, DSG can extend graft sur- 
vival to 5 days compared to 2 days for cobra venom factor alone [13, 19]. 

Interest has also been generated by DSG’s ability to inhibit natural xenoreac- 
tive antibody production. DSG has been shown to decrease both natural antibo- 
dies in unstimulated animals and prevent an increase in xenophile antibodies in 
rats stimulated with human peripheral blood cells [18, 20, 93]. Similarly, DSG has 
been shown to inhibit the sensitization of rats receiving sequential mouse cardiac 
xenografts [70, 89]. Sensitized rats hyperacutely rejected a second mouse graft in 
less than 2 min. Only IgG deposition was found on the graft. Treatment with DSG 
from the time of the first cardiac xenograft resulted in mean survival times of 
30-46 min for a subsequent xenograft. Furthermore, only weak IgM deposition 
was found on the rejected graft indicating that DSG had prevented both 
increased production of IgM as well as an immunoglobulin class switch to IgG. 
Furthermore, the administration of cobra venom factor to the DSG-treated reci- 
pients allowed the second grafts to survive a mean of 48 h [89]. 

DSG has also been used in combination with various other immunosup- 
pressive agents. DSG is at least additive when combined with tacrolimus. The 
results of two studies indicate that hamster-to-rat cardiac xenografts can be 
maintained at a mean of 14 or 18 days [54,64] by DSG and tacrolimus compared 
to 3-5 days with either drug alone. However, Murase et al. [7] was able to extend 
four out of six hamster-to-rat cardiac xenografts to more than 70 days by using 
high-dose DSG for the first 3 days post-xenografting followed by 28 days of a 
moderate dose in combination with long-term tacrolimus treatment. It is notable 
that 3- to 4-week therapy with the induction dose of DSG plus tacrolimus 
resulted in 50% mortality from toxicity, while therapy with the moderate 
dose plus tacrolimus resulted in a mean graft survival of 5 days. This illustrates 
the quite narrow therapeutic window of DSG which makes its use difficult. 
Furthermore, the 70-day graft survival with DSG plus tacrolimus was close to 
that of tacrolimus plus mycophenolate mofetil, but the authors felt that the latter 
protocol was less toxic [7]. In another model of hamster-to-rat islet cell xeno- 
grafts, DSG and tacrolimus extended graft survival to 31.4 days compared to 
2.9, 13, and 7.8 days for no treatment, tacrolimus alone, or DSG alone, respectively 
[61]. 

DSG has also been used in combination therapy with mycophenolate mofetil. 
However, this combination failed to prolong hamster-to-rat cardiac xenograft sur- 
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vival [90]. Furthermore, this combination became extremely toxic when splenec- 
tomies were added to the regimen [90]. 

In summary, DSG has demonstrated moderate efficacy in maintaining xeno- 
grafts as a monotherapy and high efficacy when used optimally in combination 
with tacrolimus or splenectomy. However, the use of DSG may be limited by its 
narrow therapeutic window, need for parenteral administration, and substantial 
toxicity associated with peak drug levels. 



Mycophenolate Mofetil (RS-61443) 

History 

Mycophenolate mofetil (MMF) is metabolized to its active metabolite, mycophe- 
nolic acid (MPA), shortly after oral or intravenous administration. MMF has a 
mechanism of action distinct from all other immunosuppressive agents, except 
mizoribine. MMF was first isolated from cultures of Penicillium species by 
Gosio in 1896 [94]. Its immunosuppressive activity was briefly explored by 
Ohsugi et al. in 1972, in which MMF weakly suppressed skin allograft rejection 
in mice [95]. In the 1980s, researchers at Syntex began the development of 
MMF as an anti-rheumatoid drug. Its utility for use in transplantation had not 
been recognized until work was done at Stanford which demonstrated that 
MMF effectively prolonged rat and nonhuman heart allograft survival [3, 96]. 
In several clinical trails conducted in the United States, Canada, and Europe, 
MMF was found to reduce the incidence of biopsy-proven acute cadaveric 
renal allograft rejection and graft failure [97-99]. In 1995, MMF was approved 
for use in renal transplantation by the U.S. Food and Drug Administration. 



Structure and Mechanisms of Action 

MMF is a semi-synthetic small molecule that is relatively soluble in aqueous 
solution. Unlike CsA and tacrolimus, MMF does not inhibit cytokine production. 
Instead, it is a noncompetitive, reversible inhibitor of inosine monophosphate 
dehydrogenase (IMPDH), a key enzyme in the pathway for de novo purine synth- 
esis (Fig. 3) [100-102]. Blockage of IMPDH by MPA can be reversed by the addi- 
tion of exogenous guanosine nucleotides in vitro [103]. IMPDH catalyzes the con- 
version of inosine monophosphate to xanthine monophosphate, which then leads 
to the production of guanosine nucleotides. By blocking IMPDH, MMF produces 
changes in intracellular nucleotide levels which prevent cells from initiating DNA 
synthesis. Furthermore, the enzymes 5-phosphoribosyl-i-pyrophosphate (PRPP) 
synthetase and ribonucleotide reductase are allosterically regulated by guanosine 
nucleotides. By decreasing the pool of guanosine nucleotides, their catalytic 
activities are inhibited, leading to further reductions in DNA synthesis. MMF 
also interferes with the glycosylation of membrane proteins and the functions 
of adhesion molecules in vitro. 
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Fig. 3. De novo purine and pyrimidine nucleotide synthesis pathways. BQR, brequinar sodium; 
LFM, leflunomide; DHODHy dihydro orotate dehydrogenase; L7MF, uridine monophosphate; 
PRPPy 5 -phosphoribosyl-i-pyrophosphate; IMP, inosine monophosphate; XMP, xanthine 
monophosphate; IMPDHy inosine monophosphate dehydrogenase; MMF, mycophenolate mofetil. 



The major toxicities of MMF are diarrhea and abdominal pain in humans, and 
myelotoxicity in rats. These side-effects can be minimized by reducing the dose 
or discontinuing the drug for short periods. 



Mycophenolate Mofetil in Xenografting 

High-dose MMF monotherapy is only able to prolong hamster-to-rat cardiac 
xenografts until approximately day ii after transplant [7, 90]. Furthermore, a 
moderate dose of MMF appears to have no effect on hamster-to-rat liver xeno- 
graft survival [7]. Monotherapy also failed to prolong rat-to-mouse and ham- 
ster-to-mouse skin xenograft survival [104]. Five-day pretreatment with MMF 
in a fetal pig heart- to-rabbit model only slightly prolonged graft survival [105]. 

Despite its ineffectiveness as a monotherapy in various xenograft models, 
MMF has demonstrated considerable efficacy when used in combination with 
other immunosuppressants. MMF appears to be synergistic with tacrolimus in 
the hamster-to-rat model to prolong both heart and liver xenograft survival con- 
sistently and indefinitely (>100 days) [7]. MMF’s performance in combination 
with tacrolimus was superior to azathioprine, DSG, mizoribine, and methotrex- 
ate, and it was comparable to brequinar sodium and cyclophosphamide [7]. In 
a cynomolgus monkey-to-baboon heterotopic cardiac xenograft model, treatment 
with CsA and methylprednisolone extended graft survival to 78 days [8]. The 
addition of MMF to the regimen allowed cardiac grafts to survive an average 
of 296 days, which was significantly longer than when azathioprine was added 
(mean, 94 days) [8]. 

In combination with splenectomy, MMF has the ability to steadily decrease the 
titers of natural xenoreactive antibodies [22]. In addition, when natural antibo- 
dies are depleted by plasma exchange in splenectomized rats, MMF prevents a 
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subsequent rebound of natural antibodies [22]. Furthermore, MMF’s efficacy in 
decreasing natural antibodies is potently increased when it is combined with bre- 
quinar [17]. MMF also demonstrates a potentiated interaction with CD4- and 
CD8-blocking antibodies when used to treat rat-to-mouse skin xenografts, 
extending graft survival to more than 120 days, despite the fact that when either 
MMF alone or both blocking antibodies together are used, graft survival is only 
6 days [104]. Interestingly, this triple combination failed to prolong hamster-to- 
mouse skin xenografts more than 2 days longer than controls [104]. The reasons 
why the hamster skin xenograft failed are unclear. MMF may have at least an 
additive interaction with rapamycin, but fails to act synergistically with brequi- 
nar (discussed below). 

However, despite MMF’s ability to potentiate the efficacy of several immuno- 
suppressive regimens, MMF plus CsA failed to prolong hamster-to-rat cardiac 
xenografts longer than a few days [106, 107]. It was noted, however, that the addi- 
tion of MMF to CsA significantly reduced graft-induced xenoreactive antibody 
titers [106]. Furthermore, while brequinar plus CsA prolonged graft survival in 
this model to 33 days [106], the arteries of grafts surviving over 30 days showed 
remarkable medial and intimal smooth muscle cell proliferation. The addition of 
MMF to the CsA plus brequinar regimen extended graft survival to 40 days and, 
more importantly, dramatically reduced the incidence of vascular hyperplasia in 
these grafts [106]. However, significant toxicity was seen in this triple combina- 
tion group. 

Thus, MMF has demonstrated significant efficacy when used in combinations 
with other agents, particularly tacrolimus, in a variety of xenograft models. 
MMF’s significant ability to inhibit chronic vascular changes and its moderate 
performance in preventing humoral responses combined with its moderate toxi- 
city profile make it a good choice for many concordant combinations. 



Sirolimus (Rapamycin) 

History 

Like tacrolimus, sirolimus is also a product of an actinomycete, Streptomyces 
hygroscopicus, which was isolated from soil samples of Easter Island. It was 
first isolated by Sehgal at Ayerest Pharmaceuticals in the mid-1970s as a result 
of a screen for new anti-fungal agents. Its toxic side-effects on lymphoid tissue 
prohibited its development into an anti-fungal agent. Its potential as an immuno- 
suppressive agent was briefly examined in several animal autoimmune models. 
However, its potential as an immunosuppressant was not fully appreciated until 
the discovery of tacrolimus which bears structural similarity with sirolimus. In 
1988, independent work at Stanford and Cambridge demonstrated the potential 
of sirolimus as a novel immunosuppressant for the control of allograft rejection 
[4, 108]. 
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Structure and Mechanism of Action 

Sirolimus bears remarkable structural similarity with tacrolimus (Fig. 2). It is a 
macrolactam consisting of an amide, a ketone, and a hemiketal. Its 31-membered 
ring contains a triene segment from C1-C6 which tacrolimus lacks. These subtle 
differences in structure may explain the entirely different mechanisms of action 
of the two compounds. 

Like tacrolimus, sirolimus binds to cytosolic FKBPs. Interestingly, this siroli- 
mus-FKBP complex does not inhibit calcineurin serine/threonine phosphatase 
activity [109]. Therefore, its effects on the immune system are not dependent 
on the inhibition of IL-2 transcription in the early cell cycle. Instead, sirolimus 
blocks the IL-2 receptor-coupled signal transduction pathway required for the 
progression of the cell cycle from to S phase. Support for this mechanism 
comes from experiments that demonstrated sirolimus’s ability to arrest the 
growth of a murine IL-2-dependent T cell line and IL-3-dependent mast cells 
in the stage [110-112]. Even though the mechanism of this effect is not well 
understood, it may be related to the 70-kDa S6 kinases, which are key enzymes 
in the signal transduction pathway. Sirolimus was found to inhibit the phosphor- 
ylation of 70-kDa S6 kinases, which in turn interrupts protein synthesis [113-116]. 
The exact mode of interaction between sirolimus-FKBP complexes and 70-kDa 
S6 kinases is not completely understood. Recent reports by Morice et al. suggest 
that sirolimus-FKBP complex reduces the activity of cyclin A- and cyclin E-asso- 
ciated cyclin-dependent kinases, which are required for cytokine-activated cell 
progression from Gi to S phase [117-119]. 

Sirolimus has proven to be effective in preventing and reversing acute allograft 
rejection in a number of small and large animal studies [108, 120-123]. Further- 
more, it is very effective in preventing and reversing chronic rejection [124, 125]. 
This latter effect may be secondary to its anti-proliferative effect on vascular 
smooth muscle cells [124, 126, 127]. 

Unlike CsA and tacrolimus, sirolimus does not inhibit the function of calci- 
neurin, leading one to suspect that it is less nephrotoxic. Indeed, this is sup- 
ported by several studies in rodents [128, 129]. However, its safety in humans 
is not well established. 



Sirolimus in Xenografting 

Sirolimus alone has a limited effect on xenograft survival, prolonging hamster-to- 
rat cardiac xenografts only 1-2 days longer than untreated controls [9, 90, 130]. In 
addition, sirolimus minimally extends cardiac xenograft survival in a discordant 
pig-to-rabbit model [131]. While sirolimus fails to extend skin xenografts in rat- 
to-mouse models more than a few days, it displays a potent and effective ability 
to increase the survival of islet cell xenografts in both rat-to-mouse and hamster- 
to-mouse models [132-134]. Furthermore, sirolimus potently and effectively inhi- 
bits immunoglobulin production in vitro of all three major isotypes (IgG, IgM, 
IgA), suggesting sirolimus’s usefulness for controlling antibody-mediated rejec- 
tion [130, 135]. Blakely et al. [17] found that sirolimus’s ability to reduce natural 
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xenoreactive antibodies in rats was intermediate between brequinar sodium 
(BQR), which effectively inhibited natural antibodies, and MMF, which was less 
effective. 

Ultimately, one of sirolimus’s greatest strengths may prove to be its ability to 
both prevent and reverse intimal proliferation associated with chronic rejection 
[124, 125]. Recent work from our laboratory has demonstrated that rapamycin 
potently and effectively inhibits myofibroblast proliferation in a model of oblit- 
erative bronchiolitis in which a hamster trachea is heterotopically transplanted 
into the greater omentum of a recipient rat [136]. However, sirolimus’s ability 
in this respect has not been tested in other xenograft models. 

In combination therapies, sirolimus displays at least additive interactions with 
many immunosuppressants. Hamster-to-rat cardiac xenograft survival was signif- 
icantly prolonged to 40 days by a combination of low-dose CsA, low-dose BQR, 
and sirolimus with no noticeable toxicity [9]. However, a moderate dose of 
BQR can also achieve 40-day graft survival in the same model with only mild 
toxicity [9]. A combination of sirolimus and MMF was able to extend cardiac 
xenograft survival in a discordant pig-to-rabbit model to a mean of 24.3 h versus 
means of 11.5 and 9.8 b for sirolimus and MMF monotherapies, respectively [131]- 
Sirolimus also interacts at least additively with anti-lymphocyte immunoglobulin 
to prolong skin xenografts [132, 133]. 



Brequinar Sodium 

History 

BQR is a novel immunosuppressant that is able to specifically inhibit de novo 
pyrimidine biosynthesis. Another novel anti-proliferative agent, leflunomide, 
may have a similar mode of action. 

BQR was first intended to be developed as an anti-tumor agent by Du Pont- 
Merck [137-141]. Its use in cancer therapy was rather short-lived, and in 1988, 
Cramer et al. began to investigate BQR for potential use in transplantation. 
BQR was proven to be effective in inhibiting both T and B cell functions in 
vitro and in vivo [29, 142-150]. Furthermore, BQR’s ability to inhibit antibody 
production may be valuable in presensitized hosts and xenotransplantation. 



Structure and Mechanisms of Action 

Rather than being a natural microbial metabolite, this 4-quinolinecarboxylic acid 
analog is produced completely by organic synthesis. BQR is water-soluble and 
has good oral bioavailability. It has a long half-life of 15 h due to its slow clear- 
ance, and no secondary active metabolite has been detected. 

The primary action of BQR is the inhibition of dihydro orotate dehydrogenase 
(DHODH), which catalyzes the conversion of dihydro orotate to orotate [137, 139, 
143, 144, 151, 152]. This inhibition is noncompetitive and reversible, and ultimately 
depletes the intracellular pool of pyrimidine nucleotides available for RNA and 
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DNA synthesis (Fig. 3). Activated lymphocytes appear to rely on both the salvage 
and de novo pathways to supply nucleotides for proliferation. By disarming one 
of the pathways, lymphocyte proliferation becomes retarded. Other modes of 
action of BQR have been postulated. BQR has been shown to block the progres- 
sion of stimulated lymphocytes into S and G2+M phase of the cell cycle [143]. 
Furthermore, BQR inhibits IL-2 receptor expression, but its role on IL-2 tran- 
scription remains a topic of discussion [143, 153, 154]. In addition, it has been 
demonstrated to inhibit IgM, IgG and IgE production potently and effectively 
in vitro and in vivo. These characteristics produced excellent results in extending 
graft survival in presensitized hosts and xenografts [26, 28, 29, 121, 147-150, 155, 
156]. 

BQR’s toxicity is primarily myelotoxic, causing leukopenia, thrombocytopenia 
and anemia. Gastrointestinal side effects, dermatitis and mucositis are also seen. 
BQR has a relatively narrow efficacy to toxicity ratio, which may limit its use in 
a clinical setting. 



Brequinar in Xenografting 

In the xenografting experience with BQR, has distinguished itself as a single agent 
to prevent xenograft rejection. Furthermore, demonstrates synergistic interac- 
tions with some other immunosuppressants, notably CsA and tacrolimus [7, 156]. 

In hamster-to-rat cardiac xenografts, BQR and leflunomide are the only mono- 
therapies capable of significantly prolonging graft survival. However, the dosages 
of BQR required for monotherapy are associated with moderate toxicity. CsA, 
tacrolimus, DSG, MMF, and rapamycin all display significantly more limited cap- 
abilities as monotherapies [7, 9, 38, 41, 54, 65, 87, 88, 90, 106, 130, 157]. BQR 
monotherapy has been able to extend mean hamster-to-rat cardiac xenograft sur- 
vival to more than 30 days consistently [7, 9, 26, 146]. Grafts surviving more than 
100 days after BQR monotherapy are not uncommon. 

However, several other groups using BQR monotherapy achieved mean sur- 
vival times of less than 10 days [28, 92, 156, 158]. The efficacy of BQR is 
very dependent upon the dosing regimen, which may explain this discrepancy 
in survival times. Typically, survival with BQR treatment is increased if a loading 
dose is used for the first 4-7 days, if a higher dosage is used every other day 
instead of daily administration of a lower dosage, and if treatment is started a 
day prior to transplantation [9, 146, 156]. Toxicity with BQR can directly affect 
graft survival and varies greatly with different dosage regimens. Once again, 
this illustrates the relatively narrow therapeutic index of BQR [106]. 

Histopathology of hamster-to-rat cardiac xenografts effectively treated with 
BQR monotherapy found reduced myocyte necrosis, interstitial hemorrhage 
and vascular rejection, as well as weak IgM and IgG deposition [106]. In addi- 
tion, these grafts demonstrated an increased mononuclear cell infiltrate com- 
pared to grafts treated with other immunosuppressants which rejected earlier 
[106]. These results suggest that BQR dramatically reduces the role of humoral 
rejection allowing a cell-mediated rejection process, not unlike that seen in 
rejected allografts, to occur. Furthermore, in BQR and CsA-treated cardiac xeno- 
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grafts which survived for more than 30 days, remarkable intimal and medial 
smooth muscle cell proliferation was noted, suggesting that BQR is unable to 
adequately control chronic vascular rejection [106]. Furthermore, in vitro, BQR 
does not have a significant ability to directly inhibit smooth muscle cell prolif- 
eration [102]. 

One of BQR’s strengths lies in its ability to inhibit antibody production effec- 
tively. Several groups have demonstrated that BQR is able to markedly inhibit 
IgM and IgG production in xenografted animals. [7, 26, 28, 29, 92, 106, 146, 
156, 158]. Cramer et al. found that the IgM levels in BQR- treated rats receiving 
hamster cardiac xenografts were about the same as the IgM levels in normal ani- 
mals [146]. Furthermore, BQR potently inhibits IL-6-stimulated IgM production 
in vitro and this effect appears to be independent of B cell proliferation [28, 29]. 

When used in combination with other immunosuppressants, BQR can effec- 
tively prolong xenograft survival. BQR synergistically interacts with both tacro- 
limus and CsA, extending hamster-to-rat cardiac xenograft survival to more than 
100 days [7, 92, 106, 156, 158]. Murase et al. were able to induce permanent sur- 
vival in entire groups of hamster-to-rat cardiac xenografts using a combination 
of tacrolimus and BQR [7]. Their dosing regimen illustrates nicely the successful 
use of this combination treatment. Hamster-to-rat cardiac xenografts were trea- 
ted with BQR starting on the day prior to xenografting and ending on day 30 
post-transplant. Tacrolimus, in a progressively decreasing dose, is used for the 
duration of the graft. In this combination, BQR blocks humoral rejection while 
the anti-T cell agent (tacrolimus, or alternatively CsA) blocks cellular rejection. 
Once the antibody barrier is broken by day 30, BQR is no longer needed. 
Furthermore, Murase et al. [7] also found that when a liver xenograft was used 
in the hamster-to-rat model, the same combination of tacrolimus plus BQR (or 
alternatively MMF) produced indefinite survival (>100 days). However, if therapy 
with BQR or MMF was continued the full 30 days post-xenografting, graft survi- 
val was decreased. In the case of the liver xenografts, maximum survival was 
obtained by using BQR or MMF for only the first 13 days after xenografting. 
This may reflect the liver’s higher resistance to antibody-mediated damage versus 
the effects of the toxicity of BQR or MMF. 

BQR has an additive effect with MMF in the reduction of rat natural antibo- 
dies reactive with guinea pig xenoantigens [17]. The immunosuppressive efficacy 
of BQR is also potentiated by the addition of cytidine in xenograft animal mod- 
els [28]. 

BQR has demonstrated an effective ability to prolong graft survival in a vari- 
ety of xenograft models, both as a monotherapy and in combination with tacro- 
limus. Its greatest strength lies in its potent and effective ability to inhibit a vari- 
ety of humoral responses. However, BQR’s potentially high toxicity warrants close 
monitoring and may limit its application in clinical practice. 




620 



T.R. Brazelton, A. Cheung, and R.E. Morris 



Leflunomide 

History 

Leflunomide (LFM) is one of the newest members of the small molecule im- 
munosuppressant family. LFM is an isoxazole compound that was first developed 
by Hoechst in Germany for agricultural purposes. It was subsequently found to 
have anti-inflammatory properties and was developed to be used in autoimmune 
diseases [159-162]. It is very effective in both controlling and modifying autoim- 
mune diseases in small animals. At present, its effectiveness in rheumatoid 
arthritis is being evaluated in advanced clinical trials in Europe and the United 
States. 

LFM’s potential in transplantation was first demonstrated in an experiment by 
Kuchle et al., in which LFM prolonged skin and kidney allograft survival in rats 
[6]. In our laboratory, we demonstrated that LFM alone or in combination with 
CsA effectively prevents and reverses ongoing allograft and xenograft rejection in 
several animal models [15, 124, 163, 164]. Studies by others have also shown LFM’s 
effectiveness in extending alio- and xenograft survival in a variety of animal 
models [10,165-173]. Interestingly, LFM was found to be very effective in inhibit- 
ing B cell functions in vitro [174]. This property may have an important impact 
on xenotransplantation. 



Structure and Mechanisms of Action 

LFM is a synthetic isoxazole derivative, which is not water-soluble. It is readily 
absorbed after oral administration. LFM is metabolized by the intestinal mucosa 
to its active open-ring and water-soluble form, A771726, which is also the pre- 
paration used for in vitro experiments. 

The mechanisms of action of LFM are not entirely understood and are being 
actively studied by us and other researchers. Earlier reports suggested that LFM 
inhibits the production of IL-2 and the expression of IL-2 receptors. However, 
these findings were not consistent [175-179]. Another possible site of action 
was believed to be at the IL-2 receptor-associated tyrosine kinases [174, 180, 
181]. Recent work by our group and others has demonstrated that LFM neither 
inhibits the influx of calcium, a tyrosine kinase-dependent activity, nor IL-2 
gene expression in Jurkat T cells. In addition, we have demonstrated that the 
addition of exogenous uridine reverses the anti-proliferative effects of LFM ex 
vivo [182]. The cumulative evidence suggests that LFM exerts its immunosuppres- 
sive properties in vitro by interfering with de novo pyrimidine nucleotide synth- 
esis (Fig. 3) [183-187]. 

Thus far, the participants involved in human rheumatoid arthritis clinical 
trials have suffered few ill effects from taking leflunomide for an extended period 
of time. Several new analogues, the malononitriloamides, are being developed for 
use in transplantation and preliminary data show comparable pharmacological 
profiles to their parent compound. The application of the malononitriloamides 
in transplantation seems very promising. 
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Leflunomide in Xenografting 

LFM also stands out in its efficacy when used as a monotherapy. In the few 
xenograft models in which it has been tested, it has rivaled BQR in its efficacy 
as a monotherapy while exhibiting minimal or no toxicity. Xiao et al. were able 
to achieve a mean survival of 76.5 days in a hamster-to-rat cardiac xenograft 
model [10, 173]. In addition, four other treatment groups with suboptimal 
doses of LFM alone had mean survival of more than 50 days [173]. However, 
when PVG instead of Lewis rats were used as recipients by Lin et al., a 
mean survival of only 11.4 days was achieved with LFM alone [30]. In both 
cases, minimal side effects were observed at effective doses and both graft- 
induced and circulating, xenoreactive IgM were reduced significantly [30, 
173]. Furthermore, untreated hamster-to-rat cardiac xenografts were able to 
be rescued by LFM monotherapy 2 days after xenografting and survived a 
mean of 58 days [10]. In a hamster-to-rat lung xenograft model, LFM was 
able to extent xenograft survival to 15.8 days versus 5.4 days in untreated con- 
trols [15]. 

Several other experiments have indicated that LFM has the ability to effec- 
tively inhibit antibody production and reduce preexisting antibodies. Xenor- 
eactive natural antibody levels in rats are potently inhibited by LFM [20, 
188]. Furthermore, we have recently shown that LFM has the ability to prevent 
hyperacute rejection when administered only iday prior to heart allografting 
into presensitized rats with high levels of circulating anti-donor antibody 
[189]. 

Hamster-to-rat cardiac xenografts treated with LFM alone eventually suc- 
cumbed to fibrosis and myocardial necrosis. However, the addition of CsA to 
LFM prevented this outcome [10]. In addition, initial therapy with LFM plus 
CsA followed by the subsequent discontinuation of LFM produced permanent 
xenograft survival [30]. Furthermore, the combination of LFM and CsA was 
able to extend hamster-to-rat lung xenografts to 30 days [15]. In rats with long- 
term hamster cardiac xenografts that had initially been treated with both LFM 
and CsA, and which were currently receiving maintenance therapy of CsA 
alone, the removal of CsA resulted in graft rejection in approximately 7 days [30]. 

In a subsequent experiment, a second hamster heart was xenografted into rat 
recipients carrying a long-term beating heart after induction therapy with LFM 
and CsA followed maintenance therapy with CsA alone [30]. These rats rejected 
the second hamster heart in 2-3 days without harming the initial xenograft and 
without producing detectable anti-hamster antibody [30]. 

In summary, the initial xenografting results indicate that LFM is extremely 
effective in prolonging xenograft survival with minimal toxicity. Furthermore, 
when used in combination, LFM and CsA have been able to provide complete 
control of xenoreactivity at undetectable drug toxicity [10]. 
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Comment 

Several novel immunosuppressants have emerged over the last decade with the 
potential to dramatically inhibit specific aspects of the xenograft rejection pro- 
cess. Furthermore, the current research on many of these drugs indicates that 
they have efficacy and toxicity profiles consistent with clinical use. The increas- 
ingly skilled use of combinations of these drugs in animal models, as well as the 
variety of new techniques able to overcome hyperacute rejection, currently offer 
novel opportunities to predictably and indefinitely prolong xenograft survival. 
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Introduction 

The shortage of human donor organs has stimulated widespread interest in the 
use of xenografts for clinical transplantation. The use of non-human donors 
for human transplantation has been attempted in more than 30 cases with lim- 
ited success. The early examples of xenotransplants usually failed within a few 
days, primarily because of technical complications or the onset of a vigorous 
host immune response to the foreign graft. Improvements in surgical techni- 
ques and the use of immunosuppressive drugs in one series of chimpanzee 
to human kidney xenotransplants was associated with extension of graft survi- 
val to a few weeks and, in one case, to 9 months [1]. These early studies 
demonstrated that the host response to the xenograft can be modified with 
vigorous immunosuppression and the grafts would function in a foreign phy- 
siological environment. There has been, however, little additional progress in 
prolonging the clinical survival of xenografts in the past 30 years. This is 
true despite marked improvements in surgical techniques and the development 
of immunosuppressive regimens that are highly effective for preventing allo- 
graft rejection. 

The failure to provide for prolonged graft survival in more recent examples of 
xenotransplantation continues to be a lack of a clear understanding of the nature 
and severity of the host immune response to the graft and the development of 
effective therapeutic strategies to prevent graft rejection. Experimental and clin- 
ical studies of those drugs and immunosuppressive regimens that are effective 
for providing excellent allograft survival have demonstrated only modest effects 
on preventing the rejection of xenografts [2]. These studies have made it appar- 
ent that the initial recipient immune response to pig or baboon xenografts, the 
donor species most likely to be considered for human xenotransplantation, con- 
sist of anti-donor antibody produced in response to the new graft. This humoral 
anti-donor response is not adequately controlled by immunosuppressive regi- 
mens based upon the exclusive use of cyclosporine (CsA) or FK506. These 
immunosuppressive agents effectively prevent T cell-mediated immune responses 
but have little effect on antibody production. Accordingly, immunosuppressive 
regimens that have been shown to prolonged xenograft survival have often 
include aggressive means of immunosuppression, including irradiation, to 
allow for longer graft survival. Unfortunately, these aggressive regimens of treat- 
ment are considered by many to be unsafe for general use in xenotransplanta- 
tion. 
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Despite the success seen with CsA on patient and graft survival following allo- 
transplantation, there are frequent examples of adverse side effects in patients 
treated with these powerful drugs. Many recipients of allografts require immuno- 
suppression schedules that can produce significant toxic side effects without pre- 
venting graft rejection. The aggressive nature of the host immune responses to 
xenografts is potentially less sensitive to the effect of these drugs and therefore 
more likely to induce serious side effects without effective prolongation of graft 
survival. These issues have created a recent interest in the development of more 
effective new immunosuppressive drugs for transplant recipients. Clearly, the 
emphasis of this new drug development is for allograft recipients although ulti- 
mately many of these new drugs may find provide an important role in the pre- 
vention of xenograft rejection. 

Brequinar sodium (BQR) is one of a new group of immunosuppressive drugs 
that have been recently tested for their usefulness as adjuvant therapy for pre- 
venting allograft rejection [3, 4]. BQR acts as an antimetabolite, preventing 
nucleic acid synthesis and interfering with the proliferation of activated lympho- 
cytes. The radiomimetic effect of BQR is distinct from the mechanisms of activ- 
ity for CsA and FK506. The combination of two drugs with different immunosup- 
pressive mechanisms provides the potential for synergistic interactions when the 
drugs are used in combination for preventing graft rejection. Experimentally 
BQR has been tested for its interaction with a number of immunosuppressive 
agents, including CsA and FK506, and many of these combinations exhibit signif- 
icant improvements in immunosuppressive activity [5, 6]. BQR is particularly 
effective in preventing B cell function, a characteristic which might provide 
the potential of establishing effective immunosuppressive regimens for a broader 
spectrum of patients. There are many forms of transplant rejection, including the 
rejection of allografts in sensitized patients or xenografts, that depend to a 
greater extent on humoral responses and are therefore resistant to conventional 
immunosuppression. The following is a brief description of the experimental 
and clinical data available for BQR with a particular emphasis on that informa- 
tion that is most relevant for its future potential for use as an immunosuppres- 
sive agent for xenotransplantation. 



Pharmacologic Characteristics 

BQR was originally developed as an antineoplastic drug. It was tested extensively 
in cancer patients and a large body of pharmacokinetic and safety data has been 
accumulated for the drug [7, 8]. BQR specifically inhibits dihydro orotate dehy- 
drogenase (DHO-DH), the fourth enzyme in the de novo pyrimidine biosynthetic 
pathway [9]. The inhibition of DHO-DH has important antiproliferative effect on 
dividing cells, particularly lymphocytes because of their dependence on the de 
novo pathway of pyrimidine biosynthesis. Like other antimetabolite drugs, the 
inhibition of DHO-DH is reversible and cessation of drug treatment is associated 
with a rapid return of enzyme function and recovery from the toxic side effects. 
The effect of BQR on DHO-DH inhibition can be measured directly by analysis of 
the intracellular lymphocyte pools of uridine, the distal metabolite of the drug. 
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The ability to measure the drug directly and its effect on the effector cells in- 
directly via uridine levels represent important pharmacologic features of the 
drug when compared to many of the newer agents. 

The antiproliferative effect of BQR is seen with both T and B cells. A variety of 
in vitro and in vivo assays have demonstrated a selective effect of BQR on pro- 
liferating lymphocytes. The drug is water soluble and is readily and completely 
absorbed from the gastrointestinal tract. Peak levels of the drug are reached 
within 2-4 h following oral administration and the drug is excreted at a steady 
rate of approximately 22ml/min [3]. While imprecise, there is a rough correlation 
between plasma levels of the drug and inhibition of in vitro measurements of 
lymphocyte proliferative activity. The correlation between the peak levels of 
the drug and the inhibition of lymphocyte function appear to be good for single 
doses but may be less informative when shorter intervals between doses are used. 
The relatively long half-life of BQR may have a residual effect on lymphocyte 
function. Treatment with small, repetitive doses of the drug to maintain steady 
plasma levels does not improve allograft survival. Instead, the more frequent 
treatment schedules are accompanied by an increase in the appearance of adverse 
side effects. The immunosuppressive activity of BQR may depend upon the peak 
levels of the drug and smaller, more frequent doses may increase the side effects 
without improving the therapeutic effectiveness. 

In patients with stable organ allografts there is data to suggest a considerable 
variation in pharmacokinetics (PK) curves when dosing is based upon weight [3]. 
Patients with stable kidney or liver allografts receiving CsA and steroid therapy 
to prevent graft rejection were examined in phase I BQR trials. The kidney 
patients received BQR as single ascending intravenous doses of 0.5, 1.0, 2.0, or 
3.0 mg/kg doses. After iweek without treatment each group received multiple 
(15) doses of the drug orally on alternative days. Individual patients exhibited 
substantial variation in the area under the curve (AUC) drug concentration 
values, suggesting that a dosage schedule based upon weight is not an effective 
method to obtain consistent results. Accordingly, PK values were also examined 
in patients given a standard regiment of CsA and steroids plus 50, 100, or 
200 mg/kg doses of BQR on alternative days starting within 48 h of transplanta- 
tion. The BQR treatment levels were adjusted to provide for 24 h plasma levels of 
less than 2 pg/ml. A group of 32 patients was studied and there was evidence that 
the number of rejection episodes had been reduced significantly. Extension of 
these early results to other transplant centers, however, did not confirm these 
initial observations and the clinical trials involving the use of BQR for preventing 
allograft rejection have been suspended. 



Immunosuppressive Activity 

Allografts 

One of the consistent features of the immunosuppressive activities of BQR has 
been the effectiveness of this compound in preventing antibody production. 
While disruption of humoral immune responses may play a reduced role in the 
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prevention of first set acute allograft rejection, there are a number of important 
potential applications for this type of immunosuppressive compound in organ 
transplantation. These include the prevention of the rejection of vascularized 
organs in patients sensitized to donor histocompatibility antigens, transplantation 
across AB barriers, and suppression of the xenograft reaction. In each, an impor- 
tant component of the primary immune response of the host to the graft is anti- 
donor antibody production. The presence of preformed and/or antibody stimu- 
lated by placement of the donor graft has the potential to precipitate an 
accelerated rejection that is resistant to traditional immunosuppressive regimens. 

BQR has been shown to be important components of strategies to prevent 
humoral forms of rejection because of ifs ability to disrupt B cell proliferation 
and the subsequent production of antibody. The effect of BQR on antibody pro- 
duction was first demonstrated in mice where treatment with BQR was shown to 
be at least an order of magnitude more effective than CsA or azathioprine for 
preventing mouse antibody responses to immunization with sheep red blood 
cells (RBCs) or lipopolysaccharide [lo]. These results led us to examine the effec- 
tiveness of BQR when tested in rodents to prevent the type of rejection expected 
to be seen in sensitized patients. Immunization of rats with allogeneic lympho- 
cytes followed in iweek with transplantation with a heart from the same 
donor strain is a well-described rodent model of accelerated rejection of heart 
and kidney grafts in presensitized patients [ii]. In this model, the recipient ani- 
mals developed circulating antidonor antibodies and the rejection of heart grafts 
is seen within 48 h, instead of rejection times of approximately /days in naive 
recipients. Treatment of graft recipients with BQR, either before or at the time 
of transplantation, effectively prolongs graft survival [12]. The prolongation of 
heart grafts in the sensitized recipients is closely associated with suppression 
of anti-donor antibody production. The most effective schedule of treatment 
begins prior to sensitization and extends 30 days post-transplantation. The ability 
of BQR to prevent the accelerated graft rejection is seen even when the start of 
the treatment is delayed until placement of the graft. The ability of the drug 
to prevent accelerated rejection in the face of preformed antibody suggests that 
similar treatment regimens could be developed for patients who have become 
sensitized to many potential donors or donor/recipient combinations that exhibit 
preformed antibody to AB blood group antigens. 



Xenografts 

One of the major potential applications of BQR in organ transplantation is use of 
this compound to prevent the rejection of xenografts. During the initial charac- 
terization of the immunosuppressive characteristics of BQR, we tested the ability 
of this drug to prevent the rejection of rodent heart xenografts [6, 13, 14]. BQR 
was as effective as any other immunosuppressive drug in prolonging xenograft 
survival when used as a single agent. Daily treatment with higher levels of the 
drug could delay heart xenograft rejection for a median of 26 days. While this 
studies demonstrated a significant prolongation of graft survival, therapy with 
BQR alone is not sufficient to allow for clinically useful xenograft survival. 
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The use of BQR in combination with CsA was then tested to provide for more 
effective immunosuppression. The use of these two drugs in combination led to 
the first demonstration that clinically acceptable immunosuppressive drugs could 
experimentally induce long-term xenograft (>ioodays) survival [6, 15]. The abil- 
ity of this immunosuppressive regimen to allow for long-term graft survival, like 
the rejection of allografts in sensitized recipients, was closely linked to the sup- 
pression of anti-donor antibody production. Therapeutic regimens that failed to 
adequately suppress antibody production or cessation of treatment resulted in a 
return of anti-donor antibodies and subsequent rejection of the grafts. 

The ability of BQR and CsA to induce prolonged xenograft survival is not a 
unique feature of either drug or their use in combination. BQR behaves in a 
similar fashion when used combination with FK506 [5]. Other immunosuppres- 
sive drugs that interfere with B cell function when used in combination with 
FK506 have the capacity to induce prolonged xenograft survival. In each case, 
most important feature of the immunosuppressive regimen appears to be disrup- 
tion in the ability of the host to make an effective anti-donor antibody response. 
In the hamster-to-rat combination the use of CsA or FK506 and BQR together 
allows for prolonged survival and the maintenance of good graft function. 
Liver xenografts function normally and can be shown to be actively producing 
hamster specific proteins [16]. The ability to prolong xenograft survival has also 
demonstrated that xenografts, like their allograft equivalents, may experience a 
low-grade, chronic rejection that manifests itself as a proliferative lesion in the 
graft vasculature. The immunopathologic features of transplant arteriosclerosis 
in xenografts is very similar to that seen in allografts, including a concentric inti- 
mal proliferation that constricts the vascular lumen [17]. One feature of the xeno- 
graft lesion that may differ from the allograft model is the demonstration of anti- 
body directed at the donor vascular endothelium in the vascular lesions. The 
persistence of cellular infiltrates in the heart xenografts and the rapid appearance 
of transplant arteriosclerosis suggests that more effective schedules of treatment 
may be necessary to develop for application in larger species. 



Comment 

The development of new immunosuppressive drugs and treatment regimens may 
have an important impact on the implementation of xenotransplantation as a 
therapeutic strategy. Many new technologies are currently under development 
to reduce the intensity of the immune responses patients may mount against 
potential xenograft donors. These include the creation of transgenic lines of 
donor animals that express human complement regulatory proteins or have mod- 
ifications in the expression of xenogeneic target antigens, pharmacologic or 
genetic strategies to disrupt the xenograft reaction, and the induction of immu- 
nological tolerance to donor tissues. It is unlikely, however, that any of these stra- 
tegies, singly or in combination, will allow for successful xenotransplantation in 
the absence of some form of immunosuppression. Downregulation of the major 
target antigens and disruption of the immunological responses most responsible 
for the early rejection of xenografts are likely to allow for modest prolongation 
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of graft survival. They are may also prove to be inadequate for long-term sup- 
pression of xenograft rejection, particularly for the reaction that may shift to 
other antigenic differences between donor and host. The evidence for chronic 
rejection, including cellular infiltrates in grafts and the occurrence of prolifera- 
tive vascular lesions in long-term surviving xenografts suggest that xenografts, 
like allografts, many be subjected to host immune responses directed against 
multiple antigens. 

The need to provide for effective immunosuppression for xenografts will 
requires additional efforts be directed at the characterization and preclinical test- 
ing of agents that may have the potential for use in a clinical setting. Because of 
differences in the nature of the host responses to allografts and xenografts, the 
present focus on the development of drugs for preventing allograft rejection is 
likely to have little application for xenografts. While the use of xenografts for 
permanent organ replacement in humans is a therapy that will not be in general 
use for many years, the current time schedules for new drug development in 
humans will require similar periods of time to bring drugs that are effective 
for preventing xenograft rejection to a stage of development that would allow 
for their use at the appropriate time. The intersection in the developmental pro- 
cesses for selected new immunosuppressive drugs, including BQR, and techni- 
ques allow for the use of xenogeneic donors is a unique opportunity for the 
implementation of a major new medical therapies. 
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Introduction 

Leflunomide is a novel drug that has shown efficacy in an array of animal models 
of autoimmune disease [1-9] and organ graft rejection [9-14]* This drug has 
demonstrated efficacy and good tolerability in clinical phase II trials in patients 
with rheumatoid arthritis [15]. Leflunomide is being developed for this indication 
and other autoimmune disorders. Recently, derivatives of leflunomide’s primary 
metabolite, A77 1726 (Fig. 1), so-called malononitriloamides (MNAs), have been 
brought into development for potential use in organ transplantation (by Hoechst 
Marion Roussel). As far as is presently known, the activities of leflunomide and 
MNAs are identical, but the MNAs seem to have a shorter half-life. The long half- 
life of leflunomide in humans (about 14 days) could be a problem when applying 
this drug in combination with immunosuppressive agents. 

Leflunomide exerts its effects primarily on B cells, reducing autoantibody [3- 
8], alloantibody [13], and xenoantibody [11, 14] formation. The mode of action of 
this drug is not fully understood, but there is strong evidence that it has inhibi- 
tory effects on de novo pyrimidine biosynthesis, specifically dehydroorotate- 
dehydrogenase (DHODH) [16-28], and inhibits certain tyrosine kinases responsi- 
ble for signal transduction [19, 20]. Unlike cyclosporine (CsA), leflunomide inhi- 
bits CD28-induced T cell activation [21, 14, 26] and does not have inhibitory 
effects on cytokine production [9]. Further, the drug antagonizes the activity 
of several cytokines [2, 9]. 



Fig.l. Molecular structures of 
leflunomide (HWA 486, top) 
and its primary metabolite, 
Aj 7\726 {bottom) 
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Leflunomide in Allotransplantation 
Acute Rejection 

Leflunomide is a relatively new drug for use in experimental transplantation. The 
first indication that leflunomide has effects on reactions leading to transplanta- 
tion rejection was observed in mice undergoing a chronic graft versus host dis- 
ease (cGvHD) [22]. Due to these results it was reasoned by Kiichle et al. [10] that 
this drug also must be efficient in preventing reactions leading to organ trans- 
plantation rejection. Using Lewis rats (RT 1) as host animals, kidneys from BN 
rats were transplanted. In the untreated rats, these allografts were rejected within 
8 days, whereas treatment with leflunomide for 30 days prolonged the graft and 
thus the survival of all these animals for the duration of the experiment 
(>6odays). By following the plasma creatinine levels it was determined that 
the transplanted kidneys functioned normally, and histological studies revealed 
virtually no signs of rejection [10]. The results obtained from leflunomide ther- 
apy revieled that this drug was not only efficacious in suppressing kidney, but 
also skin rejection in rats. 

Later, Schorlemmer et al. were able to provide data demonstrating lefluno- 
mide’s ability to induce specific allograft tolerance in two skin graft models [12]. 
The authors also reported that this tolerance was adoptively transferable. This 
activity could not be observed using CsA. 

We (E. Kemp et al., unpublished) have also observed long-term graft accep- 
tance (tolerance?) in rats with heart allografts after short-term periods of treat- 
ment with a combination of leflunomide (5 mg/kg, p.o.) and CsA (12.5 mg/kg, 
i.m.). Using a treatment protocol in which the drug combination was applied 
daily for a period of 14 days (group 1), graft survival was considerably increased 
and in one animal the heart was still beating 348 days after being transplanted 
(Table 1). Much more consistent results were obtained when the animals (group 
2) were administered the same drugs for short periods (14 days) at intervals 
(starting on post-transplant days 2, 50, 100, 200, 250, and 300). Five out of 
five grafts were still functioning more than 330 days after transplantation 
(Table 1). 

Table 1. Results of heart allotransplantation in rats (Sprague-Dawley to Lewis) transplanted with a 
combination of leflunomide and cyclosporine 



Group Rats (n) Treatment protocol Survival (days) 



1 


5 


Leflunomide 5 mg/kg p.o. daily 
for 14 days 

CsA 12.5 mg/kg i.m. three times 
weekly for 14 days. 


52, 139, 155, 182, >348 


2 


5 


As for group 1, but additional 
14-day courses of leflunomide 
+ CsA given at 50, 100, 200, 
250, 300 days post-transplant 


All >338. All sacrified 
with beating hearts. 



Mean survival in untreated control experiments in this model was 9 days. Induction of an 
operationally tolerant state was seen in all animals in group 2. 
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In human organ allotransplantation it is necessary to use sufficient amounts 
of immunosuppressive agents to maintain organ function and prevent rejection. 
Over-immunosuppression is very often the outcome of such therapy, with its 
well-known complications. Induction of tolerance would be the best of all possi- 
bilities. Thus, if the data obtained in animals treated with leflunomide (with or 
without CsA) could be transferred to the human situation, this would be a med- 
ical breakthrough. 



Chronic Rejection 

Activities distinguishing leflunomide’s actions from those of CsA are its efficacy 
in chronic allograft rejection. Swan et al. [23] used a rat model in which aortic 
allografts, transplanted across a major histocompatibility barrier, developed his- 
tological changes within the vascular wall mirroring those found in chronically 
rejected human allografts. This response lead to chronic intimal proliferation 
and subsequently to sclerosis. The authors reported that leflunomide significantly 
reduced the acute, adventitial inflammatory response in the transplanted aortic 
segment. Likewise, fibrointimal proliferation within the vascular wall, a charac- 
teristic of chronic rejection, was markedly diminished in these rats. 

Recently, Xiao et al. [24] published data further supporting the efficacy of 
leflunomide on chronic rejection. They reported that when given at an oral 
dose of 10 mg/kg per day to Fisher-344 rats, grafted with hearts from Lewis 
rats, the smooth muscle cell and fibroblast proliferation in the intima was signif- 
icantly inhibited by day 90 (therapy started on day 30). Using a non-inhibitory 
dose of leflunomide (5 mg/kg per day) in combination with 5 mg CsA/kg per 
day (which is ineffective as a monotherapy in this model at any dose), the effi- 
cacy was even better. 



Leflunomide in Xenotransplantation 

The first publication dealing with leflunomide’s effect on xenotransplantation 
appeared in 1991 by Ulrichs et al.[ii]. They reported that natural xenoantibodies 
against human leukocytes in rats could be greatly reduced by therapy with leflu- 
nomide, i.e., it lowered preformed xenoantibodies and prevented xenoantigen- 
induced xenoantibody production in rodents. Thus, it became apparent that 
leflunomide had other immunosuppressive characteristics than CsA, i.e., it 
could induce specific allograft tolerance and also be used in the prevention of 
xenograft rejection. 



Concordant Models 

In 1993, the Chicago-based group headed by Williams reported a marked influ- 
ence of leflunomide on the survival of hamster hearts transplanted into rats 
[25]. Somewhat later, Waer’s group, using the same concordant model, published 
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similar results [26]. Both groups found that although monotherapy with lefluno- 
mide was effective, the combination with CsA led to more efficient suppression of 
xenoantibodies and long-term xenograft survival. 

We have also studied the effects of leflunomide in the concordant hamster-to- 
rat heart xenograft model. In 1994, we published a comparative study of this 
drug with cyclophosphamide, CsA, rapamycin, and FK506 [27]. Leflunomide 
was superior to the other agents when used as single therapeutic agents. When 
four drugs were used in combination, almost normal morphology of the graft 
was found during the first weeks after transplantation, but over-immunosuppres- 
sion was a problem. The best protection was observed when leflunomide was 
combined with CsA, with a mean graft survival of about 3 months. This combi- 
nation was superior to all other combinations studied in our trial. In very recent 
experiments using this combination we have obtained even better results, indicat- 
ing that rejection can be avoided as long as treatment is continued [28]. More- 
over, splenectomy of leflunomide-treated xenograft recipients further prolonged 
graft acceptance. Additional treatment with donor cells from spleen, thymus, 
or bone marrow did not influence the survival time of the grafted hearts, and 
tolerance was not obtained in any of our studies [27]. 

Recently, Lin et al. [29] have provided evidence suggesting that early concor- 
dant heart xenograft rejection in rats is mainly provoked by T-independent 
xenoantibodies. Further, the B cells naturally secreting xenoantibodies are of 
CDs phenotype, which produce IgM molecules. Their production could be greatly 
suppressed by leflunomide therapy, thus preventing xenograft rejection. In the 
same situation, CsA treatment had no effect on T cell-independent IgM antibody 
production and the xenograft was rejected. Even though the animals were treated 
with leflunomide, and little-to-no IgM xenoantibody was formed, after a few days 
a T cell-dependent class switch to IgG took place and the xenograft was rejected. 
In this case, the addition of CsA could prevent the class switch and the graft was 
not rejected. While CsA had no effect on the T-independent xenoantibody forma- 
tion, it synergized with leflunomide to result in long-term xenograft survival and 
total absence of xenoantibody formation. This was most likely due to CsA’s capa- 
city to suppress late T-dependent antibody formation. 

The complementary activities of CsA and leflunomide can explain their 
reported synergistic effects [13, 21, 26], i.e., CsA prevents the production of inter- 
leukin (IL)-2 and primarily prevents T cells from becoming activated, whereas 
leflunomide blocks T cell-independent B cell antibody formation and can inhibit 
active cells from proliferating. 



Discordant Models 

Not only concordant xenograft rejection has been suppressed by leflunomide, but 
also discordant rejection. Wright et al. demonstrated the monotherapeutic effi- 
cacy of this drug in a fish-to-mouse islet xenograft model [30]. More recently, 
the group headed by Groth reported that leflunomide, in combination with 
CsA, was effective in another discordant model [31]. These authors transplanted 
fetal porcine islet-like cell clusters under the kidney capsule of Lewis rats. Mono- 
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therapy with either CsA (15 mg/kg), leflunomide (20 mg/kg), or mycophenolate 
mofetil (40 mg/kg) had no or only marginal effects on the infiltration of mono- 
nuclear cells (primarily macrophages). This infiltration led to total destruction of 
the islets. In rats treated with leflunomide in combination with CsA, only a mini- 
mal cellular infiltration was observed and the majority of islet cells were mor- 
phologically intact. When mycophenolate mofetil was added to the other two 
drugs, even further improvement was recorded. 

Tolerance induction in xenografts with leflunomide therapy seems to be much 
more difficult than tolerance induced in allograft models. We and both the Chi- 
cago and Leuven-based groups have attempted to induce xenotolerance by using 
leflunomide alone or in combination with CsA, but have been unsuccessful [25, 
27, 32]. Long-term graft survival was observed as long as the drugs were admi- 
nistered. Even discontinuation of one drug, i.e. leflunomide, but continued ther- 
apy with CsA, prevented graft rejection. After discontinuation of both drugs, 
however, graft rejection took place [32]. 



Malononitriloamides 

Studying the MNAs (X910279 and X920715) in transplantation, it has been 
reported that they are just as effective as leflunomide. We [33, 34] found their 
activities similar to that of leflunomide in both chronic and acute graft-versus- 
host disease. Further, Schorlemmer et al. [35] could demonstrate activity of the 
MNAs in a concordant skin xenograft model. For their experiments, skin grafts 
from NMRI-mice were transplanted onto the tails of Lewis rats. Monotherapy 
with MNAs (at oral doses of 5 or 10 mg/kg per day on days 0-9) resulted in 
mean graft survivals of 12 and 16 days, respectively (compared to 5 days in a 
vehicle-gavaged group). Furthermore, the combination of CsA (10 mg/kg per 
day on days 0-9) and MNAs (5 mg/kg per day on days 0-4) synergistically pro- 
longed xenograft survival to about 19 days. 

Lin et al. have also demonstrated the efficacy of X92 0715 in alio and xeno- 
graft models. The synergistic activity of this MNA with CsA was just as effective 
as that of leflunomide in both models. These drug combinations resulted in long- 
term survival of the transplanted alio- and xenografts (>30 days in both cases). 
Further, Morris et al. have reported the effects of leflunomide and the MNAs 
on the suppression of graft vascular disease and obliterative bronchiolitis in 
experimental models of chronic rejection [36]. 

These reports on MNAs’ activity in acute and chronic allograft as well as 
xenograft rejection are encouraging and speak for their development in trans- 
plantation. As leflunomide and MNAs are rather unique for xenografting, one 
can look forward to a new class of drugs which, most likely, can be used with 
greater success than present therapies. Considering the advantage of the shorter 
half-lives of the MNAs, it is reasonable to expect an optimal combination therapy 
of these drugs together with other immunosuppressive agents (e.g., CsA) to pre- 
vent or reverse the rejection of xenografts in humans. 
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Introduction 

One factor which has contributed to a recent surge in interest in xenotransplan- 
tation is the development of transgenic animals for use as xenotransplant donors. 
The development of these animals not only reflects a certain measure of technical 
advance, it also results from a rapid expansion of basic knowledge about the mo- 
lecular hurdles to the xenotransplantation of organs from lower mammals into 
humans [i]. This chapter will review some of the ways in which genetic engineer- 
ing can address the immunologic hurdles to xenotransplantation and in doing so 
further extend basic knowledge. 



Use of Transgenic Animals To Modulate Expression of Antigens 
Recognized by Xenoreactive Antibodies 

Hyperacute rejection of porcine organ by a primate is initiated by the binding to 
the graft of xenoreactive natural antibodies of the recipient leading to activation 
of the complement system. Most of the complement-fixing xenoreactive antibo- 
dies are of IgM isotype and are specific for Galai-sGal [2-4]. The synthesis of 
Galai-3Gal is catalyzed by ai,3-galactosyltransferase which is expressed in func- 
tional form by lower animals such as pigs [5]. This enzyme adds galactose via an 
a-linkage to Gaipi-4GlcNAc-R to yield Galai-3Galpi-4GlcNAc-R. Humans, apes, 
and Old World monkeys do not have a functional ai,3-galactosyltransferase gene, 
but have two pseudogenes; these species make natural antibodies specific for 
Galai-3Gal, whereas lower animals do not. 

Some investigators have suggested that the ai,3-galactosyltransferase gene 
might eventually be disrupted by gene targeting [6]. However, gene targeting 
by homologous recombination in embryonic stem cells has not been possible 
in pigs due to the lack of an appropriate pluripotent embryonic stem cell. Sandrin 
and Hutchinson have suggested an alternative approach, the expression as the 
product of transgenes of other glycosyltransferases which would compete with 
ai,3-galactosyltransferase for synthesizing the terminus of oligosaccharide chains. 
For example, ai,2-fucosyltransferase (H transferase) utilizes Gaipi-4GlcNAc-R as 
does ai,3-galactosyltransferase; its expression in a cell might divert synthesis 
away from Galai-3Gaipi-4GlcNAc to Fucai,2Gaipi-4GlcNAc (H antigen). Studies 
in cultured cells and in transgenic mice suggest that this strategy is, in fact, effec- 
tive - porcine and murine cells expressing human H transferase make substan- 
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tially less Galai-3Gal [7, 8]. We applied the same concept to the development of 
transgenic pigs, expressing H transferase under control of H-2Kb and chick P- 
actin promoters. Preliminary analysis of founder pigs demonstrates that a very 
significant decrease in expression of Galai-3Gal has been achieved. The extent 
to which this approach actually decreases the binding of complement fixing 
xenoreactive antibodies to porcine cells and the implications for xenotransplan- 
tation remain to be tested; however, it seems not unlikely given the preliminary 
results that the method will be shown to decrease if not eliminate the humoral 
reactions initiated by natural antibodies. 



Development of Transgenic Animals To Address the Susceptibility 
of a Transplant to Heterologous Complement 

Activation of the complement system leads to deposition of C3 on the surfaces of 
foreign and autologous cells. The ability of complement to selectively mediate 
effector functions against foreign organisms and to spare host cells damage 
that might otherwise ensue depends on the functioning of complement regulatory 
proteins of which more than ten proteins have been described. For example, fac- 
tor H, a 150-kDa plasma protein, inhibits the assembly of the alternative pathway 
C3 convertase on autologous cells, but fails to do so on many foreign cells, allow- 
ing the spontaneous hydrolysis of C3 and attachment to adjacent surfaces to 
bring about the assembly of alternative pathway C3 convertase on a foreign 
cell but inhibiting the assembly of this complex on autologous surfaces. So 
effective is the differential function of this protein that it may account for the 
explosive injury to a guinea pig organ transplanted into a rat while at the 
same time rat blood vessels remain inured to this process. 

The activation of complement and complement-mediated injury to autologous 
cells is also inhibited by cell associated complement regulatory proteins. For 
example, decay-accelerating factor (DAF) is a 70-kDa phosphatidylinositol (PI)- 
linked cell membrane protein which forces the dissociation of C3 convertase 
complexes. Membrane cofactor protein, an integral component of cell mem- 
branes, serves as a cofactor for factor I mediated cleavage of C3b. CD59 (mem- 
brane inhibitor of reactive lysis) inhibits assembly of lytic complement com- 
plexes. 

Most of the cell-associated complement regulatory proteins function more 
effectively against homologous complement than against heterologous comple- 
ment. As a result, exposure of a cell to heterologous complement under a 
given set of conditions leads to far more damage and cell lysis than exposure 
to homologous complement under the same conditions. This type of specificity, 
called homologous restriction, discovered in the first decade of this century by 
Muir [9], is exploited in the design of cytotoxicity assays in which heterologous 
complement is used to achieve greater sensitivity than would be possible in an 
homologous system. 

The idea of focusing on complement regulatory proteins as a potential hurdle 
to xenotransplantation was suggested by Miyagawa [10] and Dalmasso [11, 12]. 
The concept was that a xenograft would be more susceptible to complement- 
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mediated injury than an allograft because the complement regulatory proteins 
expressed in the xenograft would fail to control activation of the recipient’s com- 
plement system. One potential implication of this idea which the author sug- 
gested was that apart from the issue of xenoreactive antibodies and complement, 
which clearly are necessary for the hyperacute rejection of xenografts, perhaps 
the “incompatibility” of donor complement regulatory proteins might contribute 
an important, heretofore unrecognized step [13]. This later idea reflected the con- 
cept that in addition to rendering an organ more susceptible to complement- 
mediated injury, the complement regulatory proteins through their species speci- 
fic functioning also contribute to immunorecognition. 

Since hyperacute rejection occurs in homologous systems such as allografts in 
presensitized recipients, the availability of functioning regulatory proteins does 
not necessarily prevent its development. However, the failure of those proteins 
to function might, in the case of xenografts, convert a more benign lesion into 
the hyperacute rejection lesion. Until recently, the contribution of complement 
regulatory proteins to tissue homeostasis was poorly understood. While it was 
known that failure of the synthesis of DAF and CD59 on erythrocytes would 
lead to the clinical syndrome of paroxysmal nocturnal hemoglobinuria [14, 15], 
the role of complement regulatory molecules in protecting the nucleated cells 
comprising solid organs had yet to be shown. Recently, Matsuo took up this 
question in a rat model [16]. Administration of F(ab’)2 or Fab fragments of anti- 
bodies specific for rat homologue of DAF caused a rapid deposition of C3 on 
blood vessel walls, alteration in vascular tone and permeability and loss of leu- 
kocytes and platelets from the circulation. Further evidence for the importance 
of cell-associated complement regulatory proteins in protecting organs against 
complement mediated damage would emerge from studies in xenotransplanta- 
tion. 



Expression of Human Complement Regulatory Proteins 
in Heterologous Cells 

The first experiments aimed at evaluating the potential importance of comple- 
ment regulatory proteins in a xenogeneic model were carried out by Dalmasso 
[11]. DAF was isolated from human erythrocytes and, using a method adapted 
from Medof and coworkers [17], the protein was inserted through its PI anchor 
directly into the cell membrane of cultured porcine endothelial cells. Insertion 
of DAF into the endothelial cells caused dose-dependent inhibition of comple- 
ment-mediated cytotoxicity and inhibition of iC3b-mediated neutrophil adhesion. 
Although isolation and insertion of DAF into endothelial cells might be carried 
out as an experimental procedure, it would probably be impractical as a clinical 
modality due to the large amounts of protein that would have to be isolated. In 
addition, the procedure would have to be carried out repeatedly because of the 
limited half-life of the extrinsically incorporated human protein. Thus it was sug- 
gested that the protein might be expressed as the product of a transgene [12]. 

As Dalmasso was carrying out his experiments. White and colleagues at Cam- 
bridge, U.K., began to test the ability of human DAF and membrane cofactor pro- 
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tein (MCP) to regulate the activation of human complement on heterologous cells 
[i8]. Murine fibroblasts were transfected with human DAF or MCP. Cells expres- 
sing either protein were insensitive to lysis by human serum, whereas control 
transfectants were lysed as easily as nontransfected cells. Akami et al. [19] 
used a similar approach to study the protection that would be provided by intro- 
ducing human CD59 into heterologous cells [20]. Expression of human CD59 by 
transfected murine cells effectively protected the cells from lysis by human serum 
[20]. Kennedy et al. used a retroviral vector to transfer human CD59CDNA to por- 
cine endothelial cells [21]. The cells expressing CD59 exhibited resistance to lysis 
and to activation induced by the membrane attack complex. Other investigators 
transfected mouse cells with human DAF and MCP and demonstrated a protec- 
tive effect against cell lysis by human complement [18, 22, 23]. The results of 
these studies in another system lent encouragement to the idea that human com- 
plement regulatory proteins might be used to control complement mediated 
injury in a xenogeneic organ. The next step would involve the introduction of 
human complement regulatory genes in mice. 



Expression of Human Complement Regulatory Proteins 
in Transgenic Animals 

Mice 

To explore the concept of using human complement regulatory proteins to pro- 
tect to protect a whole organ and to develop useful expression systems for such a 
purpose, various groups undertook the development of trangenic mice which 
would express these proteins. Using a modified version of the endogenous pro- 
moter of DAF to drive expression, Cary and White developed transgenic mice 
expressing human DAF in various tissues [24]. The lymphocytes of the trans- 
genic mice were found to resist lysis by human complement. We developed trans- 
genic mice expressing human DAF, CD59, and MCP using three modes of expres- 
sion: (1) indirect expression using globin promoters, (2) direct expression using 
heterologous promoters, and (3) direct expression using modified homologous 
promoters [25-27]. Our experience is summarized below. 

Kooyman used the human a-globin promoter, which yields erythroid-specific 
expression in pigs [28], to express human CD59 and DAF in transgenic mice [29]. 
As expected, the Pl-linked proteins were expressed in murine erythrocytes. Sur- 
prisingly, the human proteins were also found on endothelial cells of murine 
heart, lung kidney and liver [25]. The mechanism mediating expression in par- 
enchymal organs did not involve direct expression of the human proteins by 
murine cells as the murine tissues had no detectable RNA for these proteins. 
Rather, the Pl-linked proteins were shown to transfer passively to endothelium 

[30] . The functional properties of the transferred protein were tested by McCurry 

[31] . When organs containing human DAF and CD59 expressed by the a-globin 
promoter were perfused with human plasma, the activation of complement at 
the level of C8/C9 was nearly completely inhibited; similar results were achieved 
when the organs were connected to baboons through an ex vivo circuit. The 
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results provided the first evidence at the level at the whole organ that expression 
of human complement regulatory proteins might contribute to the control of 
complement. The observation that glycosylphosphatidylinositol (GPI)-linked pro- 
teins could transfer spontaneously from erythrocytes to endothelial cells also 
offers a novel approach which might be used to modify the composition of 
endothelial cell membranes. 

Diamond used the control elements of the CD59 gene to drive expression of 
CD59 and other human proteins in transgenic animals [32]. The construct, a 
CD59 minigene, yielded widespread, but low-level constitutive expression of 
human genes in various parenchymal organs. Although the human genes were 
expressed at significantly lower levels than in human tissues, the organs from 
the transgenic mice exhibited significant ability to control activation of human 
and baboon complement [33]. 

Byrne used the chick P-actin promoter to control expression of CD59 and the 
H-2K promoter to control expression of DAF in transgenic mice [27]. Organs 
from the transgenic mice which expressed both of the human proteins exhibited 
resistance to the activation of human and baboon complement in ex vivo perfu- 
sion models [31]. 

These early experiments provided the first evidence that expression of human 
complement regulatory proteins in the blood vessels of lower animals might con- 
fer some protection against injury by human complement. How this approach 
might influence the biology of xenograft rejection remained to be analyzed. 
Recent experiments using pigs expressing this construct have shown that hyper- 
acute rejection can be avoided with an overall outcome that is most encouraging. 



Pigs 

Testing whether the species specificity of complement regulatory proteins would 
actually contribute to the susceptibility of an organ to hyperacute rejection and 
whether this problem could be overcome by “genetic engineering” would require 
the development of transgenic pigs whose organs could be used for transplanta- 
tion. The first successful effort to develop such animals was that of White and 
colleagues who developed transgenic pigs expressing human DAF under control 
of the DAF promoter [34]. Fodor et al. used the H-2K promoter to drive expres- 
sion of CD59 in a transgenic pig [35]. In both systems, lymphocytes isolated from 
the transgenic pigs showed resistance to lysis by human complement. 

Our own efforts allowed direct evaluation of a xenograft model. Using the ery- 
throid-specific a-globin expression system, Kooyman and Martin developed 
transgenic pigs the erythrocytes of which expressed the human proteins at a 
level comparable to the level in human erythrocytes [25]. As in mice, the 
human proteins transferred spontaneously from the surface of erythrocytes to 
endothelium in various organs, although the level of expression of the human 
proteins in the tissues of the transgenic animals was considerably below the 
level observed in human organs. McCurry transplanted the hearts from three 
of these transgenic pigs into baboons [36]. In two cases the transplanted organs 
did not undergo hyperacute rejection but functioned for many hours. This result 
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was achieved despite the only transient and low level expression of the proteins 
which could be achieved with this system. Also of import were the results of 
histologic studies which revealed that in all three cases the amount of tissue 
injury was markedly less than in xenografts of normal porcine hearts in unmo- 
dified baboons. Also of interest were the results of the immunopathology of these 
tissues which revealed the presence of the membrane attack complex in the grafts 
in which there was very significant protection against complement-mediated 
injury. This result is consistent with the concept that the kinetics of membrane 
attack complex formation rather than the total number of complexes formed 
determines the biological outcome [37, 38] and contrary to the simplistic idea 
that complement-mediated injury such that seen in hyperacute rejection is an 
obligatory outcome of membrane attack complex formation. The concept that 
it is the kinetics rather than absolute amount of membrane attack complex 
assembly that determines biological outcome probably also explains the observa- 
tion that in ABO-incompatible allografts, hyperacute rejection usually does not 
occur, despite the deposition of significant amounts of membrane attack com- 
plex. Presumably, homologous complement regulatory proteins provide some, 
albeit incomplete, protection. 

Transgenic pigs expressing CD59 alone under control of the CD59 minigene 
promoter expressed the human protein at a very low level (as few as 7000 mole- 
cules per cell) [33]. Nevertheless, the organs of these animals transplanted into 
baboons showed significant ability to control activation of baboon complement 
as deposits of the membrane attack complex were markedly decreased. Although 
some prolongation of graft function was observed the xenografts were still 
destroyed in a period of hours. These limited studies demonstrated that CD59 
has a potent effect on the assembly of the membrane attack complex, but by itself 
this effect is probably insufficient to prevent some of the manifestations of com- 
plement-mediated injury particularly hyperacute rejection. 

More recent studies using transgenic pigs expressing CD59 under control of 
the chick p-actin promoter and DAF under control of the H-2K promoter have 
yielded exciting initial results [39]. In all but one case studied so far, hyperacute 
rejection was not observed and the transgenic organs survived up to 3 days in 
otherwise unmodified recipients. The grafts from transgenic donors exhibited 
much less tissue injury than control grafts. 



Comment 

The results of our initial studies involving the transplantation of organs from 
pigs expressing human complement regulatory proteins suggested several conclu- 
sions which may be relevant to this field. First, the enduring survival of the 
xenografts despite the transient and low level of expression of human CD59 
and DAF in these organs suggests that these proteins play a very important 
role in maintaining the integrity of a graft in the early post-transplant period. 
Given the importance of complement in mediating ischemia-reperfusion injury 
as well as hyperacute rejection, such a conclusion is not unexpected. However, 
the striking protection observed under these conditions suggests that the species 
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Specificity of the proteins is an important aspect of the susceptibility to hypera- 
cute rejection and perhaps, as we conceive it [i], of immunorecognition. A sec- 
ond conclusion concerns our finding that the transgenic organ xenografts exhib- 
ited such protection even though significant amounts of complement, including 
Csb and the membrane attack complex, were deposited in the organ. This result 
is consistent with the idea that under conditions in which complement is 
activated in a graft, as for example in ABO-incompatible organ transplants, 
hyperacute rejection is not the invariable outcome and that intrinsic resistance 
to complement-mediated injury is indeed an important factor in avoiding hyper- 
acute rejection. The third and in our view most important conclusion is that 
these results support a change in the approach to dealing with the hurdles to 
xenotransplantation. Clearly methods exist which allow therapy to be directed 
at the graft rather than at the recipient and to target with greater specificity 
the molecular basis of graft injury. Such a focus is ultimately bound to reduce 
at some of the complications of immunosuppression. 

From the current vantage point we can anticipate further advances. We are 
now conducting studies using pigs expressing human complement regulatory 
proteins expressed permanently and at higher levels. The results which include 
much more effective and enduring interference with the complement cascade 
are correspondingly improved. Beyond this there will be animals whose organs 
resist other aspects of the rejection reaction. 
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48 Engineering of Xenografts To Provide Organs 
for Human Transplantation 

S.P. Squinto and W.L. Fodor 



Clinical Need for Organs 

Transplantation is clearly the treatment of choice for most patients suffering 
from end-stage organ failure. Significant progress in clinical allotransplantation 
has been achieved during the past decade. These pharmacological and surgical 
achievements have resulted in higher survival rates for the organ grafts as well 
as improved patient survival and quality of life. Additionally, organ transplanta- 
tion provides significant cost-savings for the health care system in the treatment 
of patients with severe and debilitating diseases. For example, it has been pro- 
jected that the broader use of kidney transplantation instead of dialysis could 
save the United States Federal Government $2 billion annually. The profound 
medical benefits as well as the potential cost-savings and public benefit of the 
advances made in allogeneic transplantation have been severely limited, however, 
by a persistent and serious problem - severe shortage of donor organs. 

Many initiatives have been introduced to increase the donor organ supply, 
including publicity campaigns, distribution of donor cards, appointment of hos- 
pital-based transplant coordinators, implementation of procurement protocols 
and educational programs for hospital personnel. Although these factors have 
helped to increase donor availability, they have not been sufficient to significantly 
increase the donor supply. As a result, most patients who would benefit from 
organ transplantation do not even appear on a waiting list. The current need 
for organ transplantation is conservatively estimated to be at least 90 000 solid 
organ transplantations per year in the United States alone. 



Genetically Engineered Xenografts - 
A Potential Solution to the Organ Shortage Problem 

The serious shortage of human organs available for transplantation has created 
an intense search for alternative sources of suitable organs. Recent attention to 
the topic of animal-to-human transplantation has led to public awareness 
through newspaper articles, television exposure, and news-format magazines. 
Published public opinion surveys have revealed that individuals, when confronted 
with the potential loss of their own life, would generally accept a xenogeneic 
organ. 

Therefore, we have developed a rational strategy to address the severe organ 
shortage problem which centers around the development of genetically engi- 
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neered animals as organ donors. Among the species considered as potential 
donors of xenogeneic organs, the major interest has focused on the pig. This 
is due to several advantageous qualities, including large litter size, age of sexual 
maturity, disease resistance, domestication, and, most importantly, striking simi- 
larities between swine and human organ size and physiology [i]. Also, unlike pri- 
mates, over 90 million pigs are already killed annually as a food source, making 
these animals an ethically acceptable alternative donor organ source. 

Here we describe the development of transgenic pigs engineered to express 
human genes aimed at eliminating the human immune response to the foreign 
xenograft. Our research goals have been focused on achieving long-term survival 
of genetically engineered pig organs following transplantation in Old World pri- 
mate model systems. If successful, the clinical transplantation of these engineered 
organs into humans can be anticipated. 



Pig-to-Primate Transplantation 

Immunological Barrier 

The major barrier to xenogeneic transplantation is the phenomenon of hypera- 
cute rejection (HAR). Studies of the immunological response to xenotransplanted 
tissue have shown that these transplants inexorably fail due to HAR [2, 3] 
(Chap. 2). The hyperacute response is triggered by the deposition of preformed 
recipient antibodies on the surface of the donor endothelium resulting in the 
subsequent activation of the classical pathway of the complement system [2]. 
Therefore, following transplantation of a vascularized xenogeneic donor pig 
organ into a primate recipient, the massive inflammatory response that ensues 
from natural antibody activation of the classical complement cascade leads to 
the activation and destruction of the vascular endothelial cells and ultimately 
of the donor organ within minutes to hours after revascularization. 

Old World primates, including humans, have high levels of preexisting circu- 
lating “natural” antibodies that predominantly recognize carbohydrate determi- 
nants expressed on the surface of xenogeneic cells from discordant species [4] 
(Chap. 4). Evidence indicates that most, if not all, of these antibodies react 
with the carbohydrate epitope Galai-3Gal (aGal), an epitope absent from Old 
World primates because of a lack of the functional ai,3-galactosyltransferase 
enzyme [5, 6]. The levels of these naturally circulating anti-aGal antibodies are 
approximately 1% of all the antibody in any given individual. The high titer of 
these antibodies is believed to arise from constant stimulation of the immune 
system to this epitope through naturally occurring infections, and from stimula- 
tion from the natural flora and fauna in the gastrointestinal tract. In studies of in 
vivo animal model systems aimed at assessing HAR, within 15 min of revascular- 
ization xenoreactive antibodies are deposited on the surface of the donor 
endothelium [2]. 

The result of antibody deposition is the subsequent activation of serum com- 
plement proteins. Activation of the complement cascade results in the deposition 
of complement at the site of antibody reactivity, i.e., the xenogeneic vascular 
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endothelium. Following complement activation there is significant aggregation 
and adhesion of platelets to the damaged endothelium as well as formation of 
microthrombi and the migration of neutrophils and granulocytes into the inter- 
stitium [2]. Ultimately, endothelial cells are destroyed which results in tissue 
ischemia and necrosis of the donor organ. Additional detrimental effects of anti- 
body deposition include the antibody-dependent cellular effects that arise from 
Fc receptor-bearing cells interacting with deposited antibodies, resulting in 
acute vasculitis and vessel occlusion. Therefore, any strategy aimed at the 
successful transplantation of xenografts into humans must aim to abrogate the 
binding of preformed human antibodies to the xenograft as well as provide for 
protection against activated human complement proteins. 



Solution to the Immunological Challenge 

The problem of natural antibody reactivity and subsequent complement activa- 
tion that occurs during xenogeneic organ transplantation in the pig-to-primate 
model has prompted the development of several strategies aimed at preventing 
natural anti-aGal antibody reactivity and of inhibiting human complement. 
Most of these efforts to prevent HAR have focused on modifying the immune 
system of the host. For example, strategies for prolonging discordant xenograft 
survival have included depletion of the naturally occurring xenoreactive antibo- 
dies with plasma exchange, plasmapheresis, or donor organ absorption (Chaps. 
25 and 26), and inhibition of complement with either cobra venom factor or 
soluble complement receptor type 1 [7, 8] (Chaps. 32 and 33). Other groups are 
proposing to treat patients with suprapharmacologic doses of antibody-binding 
carbohydrates potentially in combination with splenectomy [9] (Chap. 25). 
These approaches to block antibody-induced HAR have the following critical 
drawbacks and, therefore, make them clinically unattractive: (a) they only 
transiently reduce antibody titer, (b) they do not prevent rebound production 
of organ-binding antibodies, (c) they may result in globally decreased and com- 
promised immune function, and (d) they could potentially result in increased 
susceptibility of the host to infection. 

Rather than developing systemic immunosuppressive approaches to abrogating 
HAR, we and others have chosen to take advantage of an opportunity unique to 
xenotransplantation, that is the ability to genetically modify the donor organ. 
One such strategy employed by us and others has been to achieve high level 
expression of species-restricted human complement inhibitor proteins in vascu- 
larized pig organs via transgenic engineering [10-12]. We have demonstrated 
expression of the human complement inhibitor protein CD59 in several tissues 
of a transgenic pig, including the vascular endothelium, and showed that cells 
from this animal are resistant to human complement-mediated lysis in vitro 
[10]. Recently, we have conducted experiments that demonstrate the efficacy of 
high-level human CD59 vascular expression in the transgenic organ when the 
organ is perfused ex vivo with human blood [13] and transplanted either hetero- 
topically (heart) or orthotopically (heart and lung) into Old World primates. 
Although prolonged survival was observed, incomplete protection resulted in 
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the eventual rejection of the organ within hours to several days after transplanta- 
tion. Non- transgenic control pig organs were typically hyperacutely rejected 
within 1-2 h after transplantation. As observed in these experiments and also 
with systemic complement depletion, organ failure appears to be related to an 
acute antibody-dependant vasculitis. 

Another engineering strategy that has been proposed aims to eliminate the 
aGal epitope from the donor xenograft. However, unlike the successful expression 
of human complement inhibitor proteins in transgenic pigs, this strategy has 
been largely theoretical to-date. That is, the generation of aGal-negative pigs 
might be accomplished by disrupting the porcine ai,3-galactosyltransferase 
gene via homologous recombination. However, this approach requires the avail- 
ability of porcine embryonic stem cells, which makes it currently impractical. 

We chose to develop a strategy to downregulate the expression of the aGal 
epitope in porcine xenografts that would have a practical application toward 
the generation of aGal-deficient transgenic pigs. Our strategy takes advantage 
of an intracellular competition between the ai,3-galactosyltransferase (aGT) 
and the ai,2-fucosyltransferase (H transferase). We demonstrated that these 
enzymes can be co-expressed within a porcine cell and transgenically in 
mouse tissues and organs, and that the H transferase is dominant over the 
aGT [14] (Chap. 50). The result of this enzyme competition is a remodeling 
of carbohydrate structures on the cell surface of the xenograft such that the non- 
immunogenic H epitope (the product of the H transferase reaction) substitutes 
for the expression of the xenoreactive aGal epitope (the product of the aGT). 
The H transferase carbohydrate product, the H epitope, corresponds to the uni- 
versal donor blood group O antigen. Therefore, our engineering strategy serves 
two purposes, elimination of the predominant xenoreactive epitope and concomi- 
tant replacement with a universally accepted antigen. Consequently, cells expres- 
sing the H epitope in place of the aGal epitope are no longer targets for human 
natural antibody binding and are significantly resistant to HAR. 

In addition to developing a practical approach to downregulating the xenor- 
eactive carbohydrate residues on the porcine graft, we have also developed a 
novel and robust approach to blocking human complement attack on the xeno- 
graft. Our data [10] and the results of others [11] have suggested that long- 
term xenograft survival will most likely require both the downregulation of 
the aGal residue as well as the expression of multiple human complement inhi- 
bitor proteins. The technical difficulties associated with engineering multiple 
complement inhibitors to be expressed on the vascular endothelium of a trans- 
genic animal are substantial. 

To overcome this problem, we have utilized genetic engineering approaches to 
develop a potent bifunctional novel complement inhibitor, termed DC, to block 
complement at two distinct points in the complement cascade. The DC molecule 
contains functional domains from decay-accelerating factor (DAF), a C3/C5 con- 
vertase inhibitor, and CD59, a terminal complement inhibitor [12]. In vitro 
experiments demonstrate that the DC molecule inhibits complement-mediated 
cell lysis when challenged with human serum, and that it retains both DAF 
and CD59 function. The development of the DC complement inhibitor, and the 
subsequent demonstration that it retains the activity of both the terminal com- 
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plement inhibitor, CD59, and the human C3 convertase inhibitor, DAF (CD55), 
permits the development of a single transgenic animal which otherwise would 
require a double transgenic expressing two complement inhibitor genes in the 
appropriate tissues at sufficiently high levels. Recently, we have been successful 
in generating transgenic mice that express high levels of the DC inhibitor. The 
generation of DC transgenic pigs is in progress. 

Achieving high-level cell surface expression of the DC bifunctional chimeric 
complement inhibitor and high-level expression of the H transferase enzyme in 
vascular endothelium of the pig organ will effectively eliminate both the antibody 
and complement components of the massive inflammatory response to the xeno- 
graft. The combination of the novel strategies discussed here provides a rational 
approach to the elimination of HAR and represents a critical first step toward 
making animal organ xenotransplantation a viable alternative to genetically 
matched human organ allotransplantation. 



Comment 

Elimination of HAR will establish inroads into understanding the cellular 
immune response towards the discordant tissue. Hypothetically, it is conceivable 
that immunosuppressive regimens that are routinely practiced with allotrans- 
plantation will also be effective drug therapies for xenotransplantation. There- 
fore, it is critical to develop a system that tests these possibilities in order to 
solve the ever-growing need for donor organs. 
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Introduction 

Clinical xenotransplantation utilizing pig organs represents, in theory, a very 
attractive solution to the worldwide shortage of organs for human transplanta- 
tion. The use of pigs as organ donors has several advantages over the choice 
of any other species [i]. The pig has a short gestation period, it produces 
large litters and its offspring grow very rapidly. Utilization of pigs would also 
eliminate the ethical and virological concerns associated with the use of organs 
from nonhuman primates [2]. However, hyperacute rejection (HAR), which 
occurs when transplanting between discordant xeno combinations, currently 
represents the major immunological barrier to the survival of pig organs into 
primates [3-5]. The binding of naturally occurring cytotoxic xenoreactive antibo- 
dies (XNA) mainly directed to the carbohydrate structure Galai-3Galfii- 
4G1 cNAc-R [6-8] on porcine endothelial cells and the activation of the recipient’s 
complement cascade represent the sequence of immunological events which 
underlie HAR [5, 9, 10]. 

Recent advances in the field of biomolecular engineering have led to the 
opportunity to produce genetically modified animals expressing new character- 
istics which make their tissues biologically more compatible with humans and 
potentially suitable for clinical xenotransplantation [11]. The challenging hypoth- 
esis of constructing transgenic animals as a source of unlimited numbers of 
organs for transplanting into humans has represented the beginning of a new 
era for transplant immunology. In this regard, research in the field has essentially 
moved in two main directions. Some scientists have focused their efforts in 
attempts to alter the antigenic profile of pig cells, mainly by deleting or reducing 
the expression of the Galai-3GalRi-4GlcNAc-R epitope, which is known to con- 
stitute the main immunological target of XNA [12-14]. 

Although encouraging results have been obtained by using this approach, the 
work is limited for two main reasons. Firstly, the genetic modification would only 
affect the naturally present xenoreactive immune response directed to the Galai- 
3GalRi-4GlcNAc-R residue. Although this certainly represents the main immuno- 
genic determinant expressed by pig cells, it is probably not the only one. Sec- 
ondly, this approach does not take into account the detrimental effects to the 
xenograft resulting from activation of the alternative pathway of complement. 
Such activation has been shown to occur in the pig-to-human xenocombination 

[4, 15]. 
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As a result of these considerations, other researchers, including ourselves, have 
attempted to overcome HAR using a totally different strategy which is based on 
the down-regulation of the recipient’s complement cascade. This approach arose 
from a series of fundamental observations in animal models which clearly 
showed the pivotal role played by complement activation in the onset of HAR 
[5]. Indeed, the revascularization of the xenograft is generally accompanied by 
a reduction of the circulating complement factors in the blood [16, 17]. Similarly, 
a massive and early deposition in the xenograft of complement components is a 
consistent finding in HAR [16]. Xenograft rejection is delayed in animals conge- 
nitally deficient of some factors of the complement cascade [18, 19]. Moreover, 
xenograft survival is prolonged if complement activity is prevented by the use 
of cobra venom factor [20, 21], soluble complement receptor 1 [22], the utilization 
of anticomplement agents such as FUT-175 [23] or monoclonal antibodies direc- 
ted to complement factors such as C5 or C8 [24, 25]. 

In humans, complement activation is finely downregulated by the existence of 
a series of species-specific proteins called regulators of complement activity 
(RCA) [26, 27]. Some of these proteins, such as decay-accelerating factor 
(DAF), membrane cofactor protein (MCP), and CD59 are membrane-bound 
and protect human cells from lysis deriving from complement activation on 
their surface. In patients with paroxysmal nocturnal hemoglobinuria (PNH), 
the deficiency of two of these molecules on the surface of human erythrocytes 
increases the sensitivity of these blood cells to autologous complement-mediated 
lysis. Considered together, these observations led us and others to hypothesize 
that expression of human RCA on pig cells could prevent their lysis as a result 
of human complement activation and thus potentially protect the xenograft 
from HAR [3, 28]. 

The validity of this approach was first investigated in vitro by expressing 
human RCA on porcine or murine cells. In one series of experiments, DAF 
was chemically isolated from human erythrocyte membranes and passively incor- 
porated into porcine endothelial cells [3]. The functional activity of human DAF 
(HDAF) expressed by these cells was subsequently assessed by in vitro cytotoxi- 
city assays using human serum as a source of complement. These studies demon- 
strated that expression of HDAF on pig endothelial cells could reduce the com- 
plement-mediated cytotoxicity by more than 80 %. 

Experiments performed in our laboratories were aimed at expressing human 
RCA on nonhuman mammalian cells by genetic manipulation of the target cell 
[28]. Relying on the evidence that human chromosome 1 contains the sequences 
for several RCA, Wang et al. produced a mouse/human hybrid cell line expres- 
sing DAF. This cell line was obtained by fusion of a human B lymphoblastoid 
line with mouse myeloma cells and was found to have incorporated human 
chromosome 1. Expression of DAF on the surface of these cells was detected 
by fluorescence- activated cell sorter (FACS) analysis. Chromium release assays 
showed that these cells were protected from lysis by human complement. Spe- 
cificity of the protection conferred to these lines by the expression of DAF 
was confirmed by blocking experiments using monoclonal antibodies. In a se- 
ries of elegant in vitro studies, murine fibroblasts were transfected with DAF 
and MCP cDNA [29]. FACS analysis showed the expression of DAF and MCP 
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on the surface of these cells. These proteins conferred protection against lysis 
from human complement in a specific fashion. These experiments demonstrated 
that, following appropriate genetic manipulation, it is possible to transfer the 
protective capacity of these species-restricted human molecules to the surface 
of nonhuman cells. All the above studies supported the hypothesis that expres- 
sion of human RCA by transgenic pig organs could potentially protect them 
from the onset of HAR. 

In contrast to those genetic manipulations aimed at reducing the expression of 
Galai-3Galfii-4GlcNAc-R residues, the present approach should offer the advan- 
tage of conferring protection to the xenograft from humoral aggression regard- 
less of the specificity of the XNA involved. In addition, the use of human RCA 
should also protect the organs from any damage resulting from the activation 
of the complement cascade via the alternative pathway. In the light of these pro- 
mising data, we started a genetic manipulation program aimed at producing 
transgenic pig organs expressing large amounts of human RCA and thus resistant 
to the human complement activation-mediated attack and possibly to HAR. 



Production of Transgenic Animals 

The technology for the production of transgenic animals has now been available 
for more than lo years. The microinjection of DNA directly into the pronucleus of 
a fertilized egg currently represents one of the most commonly used techniques 
to produce transgenic pigs and mice. In the production of these animals it is evi- 
dent that the microinjected DNA construct is one of the key elements which 
determines the outcome of the genetic manipulation. In nature, the expression 
of a gene is dependent on its genomic integrity both in terms of intronic and 
exonic sequences and of its regulatory elements [30, 31]. These include locus con- 
trol regions (LCR), promoters, enhancers, and intronic sequences. These regula- 
tory regions are known to control the spatial and temporal expression of a gene 
and its expression in response to extracellular stimuli. 

The central role of the LCR as a regulatory element has recently been illu- 
strated in transgenic mice obtained by microinjection of constructs containing 
the LCR of the gene of interest. In contrast to the previous observations in trans- 
genic models developed using minigene constructs, the level of expression of the 
transgene in these animals was independent of its site of integration into the reci- 
pient’s genome but was related to the number of copies of the gene integrated 

[32] . In this context, transgenic mice were produced by microinjection of a con- 
struct in which the LCR region was inserted upstream of the human globin gene 

[33] . High levels of expression of the transgene were detected in erythroid cells. 
Expression of the globin gene was enhanced and all the animals which had incor- 
porated intact copies of the transgene expressed human globin RNA. 

In contrast, it was found that 30 %-70 % of transgenic mice produced using an 
alternative globin transgenic construct not containing the LCR did not express 
the transgene. While the LCR are generally considered to be located within 
20-30 kb 5' or 3' of the gene, the promoters are directly upstream of the DNA 
sequence, usually within several hundred base pairs from the start of the coding 
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sequence of the gene [30, 31, 34]. Conversely, enhancers can be located at a much 
greater distance than the promoter, either upstream or downstream of the gene. 

It is therefore evident that the production of transgenic animals which 
express transgenic proteins with patterns similar to those observed in humans, 
theoretically requires the whole genomic sequence of the gene together with 
both these 3' and 5' sequences. It is estimated that the total exon-intron genomic 
length of each of the three major membrane-bound human RCAs is dispersed 
over a 45- to 50-kb area [35-37]. This ultimately implies that a transgene for 
any of these RCAs which contains both the entire gene and the appropriate reg- 
ulatory elements should cover an area of approximately 80-90 kb (Fig. 1). Until 
recently, limitations of the techniques available have prevented the manipulation 
of genomic DNA sequences of this size. This was mainly due to the fact that the 
plasmid and cosmid vectors, which were the two main vehicles available to han- 
dle DNA elements, could not carry DNA sequences greater than 40-45 kb. These 
vectors were, therefore, clearly inadequate for the manipulation of the large 
stretches of DNA which we were interested in. 

For this reason, most groups involved in the production of transgenic animals 
microinjected cDNA or minigene constructs which contained the cDNA 
sequences and some genomic DNA of interest. Experiments rapidly showed 
that the use of cDNA alone for the production of transgenic animals was gener- 
ally not satisfactory [38]. It was found that a strong homologous or heterologous 
promoter and some intronic sequences are necessary for expression of the trans- 
gene since they increase both the level and the stability of its expression [39]. 

The production of transgenic animals using minigene constructs does have sev- 
eral advantages. These constructs are relatively quick to produce and, due to their 
small size, they are easy to manipulate. Moreover, following microinjection, mini- 
genes readily incorporate into the host genome. As we will discuss later in this 
chapter, we have been able to use a minigene for HDAF to produce both transgenic 
mice and pigs which express significant levels of HDAF in all of their organs. 

However, there are two major disadvantages associated with the production of 
animals utilizing these constructs. Firstly, as a result of the absence of the control 
elements which naturally regulate the levels of expression of the gene in humans, 
expression of the transgene is dependent on the site at which it integrates into 
the recipient’s genome [34, 40]. Thus, if the minigene incorporates into an inac- 
tive chromosomal locus of the host’s genome, it will never be expressed. Sec- 
ondly, some minigene constructs do not code for all the mRNA splice variants 
that are coded for by the entire gene. It is well known, for instance, that several 
different protein isoforms of MCP naturally arise due to alternative splicing of 
MCP RNA [41, 42]. The two prevalent forms of MCP so far described have a mo- 
lecular weight of 56 and 66kOa, respectively. The advantage of expressing one 
isoform rather than the other has yet to be established. However, it is likely 
that most cDNA minigenes for this RCA will only code for one of the two iso- 
forms of the protein. 

One possible solution to this problem is represented by the use of new con- 
structs such as Pi artificial chromosomes (PAC) and yeast artificial chromosomes 
(YAC), which can carry foreign DNA sequences with sizes ranging between 50 
and more than 1000 kb [43, 44]. The genomic sequences incorporated into 
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these constructs should contain all the transcription regulatory elements required 
for proper spatial and temporal expression and the appropriate splice donor and 
acceptor sites which are needed to generate the complete spectrum of alterna- 
tively spliced transcript. 
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Fig. 1a,b. Preparation of DNA constructs for microinjection, a Most common expression vectors 
available for the transfer of genomic sequences. Represented is the maximum size of the DNA 
elements that each of these vectors can carry. PAC, Pi artificial chromosomes; YAC, yeast artifi- 
cial chromosomes, b Human decay-accelerating factor (DAF) genomic sequence and human DAF 
minigene as used in the production of the transgenic pigs presented in this study Note that the 
exon-intron genomic sequences are dispersed over a 45- to 50-kb area between the two cis-acting 
sequences which contain the control regions. To date, only plasmid and cosmid vectors able to 
carry DNA sequences of up to 45 kb have been available. For this reason, most constructs used so 
far contained cDNA sequences of the gene of interest and were missing most of the regulatory 
elements located at the 5' or 3' extremities of the gene 
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The first transgenic mice and pig lines carrying YACs for the MCP gene have 
been produced [45]. In addition, DAF YAC mice and pigs have also been 
obtained. Preliminary data have already shown that these animals contain the 
entire gene and that the gene is transcriptionally fully active. However, it must 
be pointed out that there are several difficulties surrounding the use of YAC con- 
structs [45]. As a result of their large size, which can be 1000 kb or more, YAC 
DNA are more difficult to manipulate than minigenes. They are very susceptible 
to shearing during their preparation; thus methods are currently being developed 
in our laboratories to make the DNA more resistant to any damage. In addition, 
there are two further disadvantages associated with the use of YAC constructs:(i) 
some YAC libraries contain a high percentage of chimeric clones, which contain 
DNA from two or more different parts of the genome, and (2) some regions of 
the genome are unclonable or unstable and can be lost from the YAC. It is 
hoped that some of the problems associated with the utilization of YACs will 
be overcome with the recent introduction of the PAC technology [44]. Since 
PAC vectors are able to carry fragments of foreign DNA of up to 300 kb, it is 
expected that some PAC clones will be able to carry fragments of DNA as 
large as those containing the entire RCA gene and its 5' and 3' flanking regula- 
tory sequences. 



Production of Pigs Transgenic for Human Decay-Accelerating Factor 

A 6.5-kb construct was prepared using approximately 4.3 kb of a HDAF genomic 
DNA sequence containing the 5' untranslated region, the signal peptide, the first 
exon and intron of the gene. This fragment was linked to a cDNA fragment that 
coded for the remaining exons of the DAF gene and to 41 adenosines which con- 
stituted the mRNA poly-A tail. Pronuclear stage pig embryos were collected sur- 
gically from the oviducts of inseminated gilts superovulated with a regime of 
pregnant mare's serum gonadotrophin (PMSG) and human chorionic gonadotro- 
phin (HCG). Using differential interference contrast optics (Nomarski micro- 
scopy), pronuclei were visualized within the stratified cytoplasm and the male 
pro nucleus was injected with the DAF minigene construct. DNA was injected 
until the diameter of the ovum had increased by approximately 50% in size. 
Injected ova were transferred to both oviducts of recipient gilts, whose estrous 
cycles were either synchronous with or 24 h behind those of the donors. 

Forty-nine gilts farrowed and 311 piglets were subsequently born. Forty-nine 
transgenic pigs were identified by dot blot analysis, using DNA isolated from 
ear biopsy samples. Slot-blot analysis of genomic DNA isolated from the liver, 
lung, kidney, spleen and heart of a founder transgenic pig killed during the 
course of the work indicated that the transgene was present in all of these tis- 
sues. Analysis of mRNA isolated from different tissues of transgenic animals 
showed that HDAF mRNA was present in all the organs (Fig. 2). 

Expression of HDAF protein was subsequently investigated in the different tis- 
sues from 30 lines of transgenic pigs. The analysis was performed by double 
determinant radioimmunoassay using lysates from seven organs or tissues 
(heart, lung, liver, pancreas, kidney, small bowel, and muscle). Measurable levels 




Effect of Transgenic Expression of Human Decay-Accelerating Factor on the Inhibition 



671 



a 



Pig Skin Biopsies 




2,2 kb ^ 



1 .5 kb - 









b 



50 



§ 

s 



§ 



2.2 kb - 
1.5 kb- 




Q. 









< 



-§ 



O 

< 




Fig.2a,b. Northern blot analysis of human decay-accelerating factor (HDAF) mRNA extracted a 
from a human lung and from eight pig skin biopsies and b from a human lung, a control pig 
skin and three organs from transgenic pigs (Ai8o and A077). The positions of the naturally 
occurring transcripts produced in humans as a result of alternative splicing are shown in the 
first lane. These human transcripts consist of one mRNA species (1.6 kb), which includes an 
Alu sequence and produces a secreted form of HDAF protein and two mRNA species (1.5 and 
2.2 kb) for the membrane-attached HDAF protein. The minigene construct microinjected into 
the pig zygotes contains the proximal major polyadenylation signal and lacks the Alu sequence, 
such that it only gives rise to the 1.5-kb transcript which codes for the phosphatidylinositol- 
linked membrane-anchored form of the HDAF protein 



of HDAF were detected in 73% of the organs studied. However, the detailed 
analysis of these tissues showed that, within the same animal, there was con- 
siderable variability in the levels of expression of HDAF between the different 
organs (Fig. 3). In addition, for the same tissue, HDAF levels varied considerably 
from animal to animal (Fig. 4). Twenty-six organs from 12 different lines of 
pigs were found to express amounts of HDAF comparable with, or even greater 
than, those found in the same human tissue. FACS analysis performed on 
cultured endothelial cells from transgenic pigs showed that one line of pigs 
(A74) expressed levels of HDAF higher than that expressed by human umbilical 
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Fig. 3. Variability in the levels of expression of human decay-accelerating factor (HDAF) in the 
different tissues of J50 transgenic pigs. NP40 extracts prepared from heart, lung, liver, kidney, 
pancreas, small bowel, and striated muscle of each animal were incubated in triplicate on to 
96-well microtiter plates coated with monoclonal antibody (mAb) lAio. After washing with 
0.05% phosphate-buffered solution (PBS)-Tween 20 solution, 216 mAb was added for 

2h at 4°C. Subsequently, plates were washed and the remaining radioactivity was measured 
on a gamma counter. Results are expressed as the mean value of the measurements ±SEM 



vein endothelial cells. The number of copies of the HDAF minigene incorporated 
was found to vary from two to 30 copies per line and, as already observed by 
others [46], the levels of expression of the transgenic protein did not correlate 
with the number of copies of the transgene incorporated into the porcine 
genome. 



Protection from Complement 

Protection conferred by HDAF expression on pig PBMC against human corhple- 
ment-mediated lysis was analysed using a chromium release assay. It is note- 
worthy that protection from lysis by human complement was observed in the 
PBMC of our transgenic pigs which expressed HDAF on the surface of these 
cells [47]. The protection against HAR conferred to pig organs by the expression 
of the transgene was investigated in ex vivo perfusion studies in which normal or 
HDAF transgenic pig hearts were perfused with fresh human blood in a working 
experimental model [48] (Fig. 5). Control pig hearts perfused with fresh human 
blood were shown to undergo a rapid decline in the cardiac output with the 
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Fig. 4. Comparative analysis of the expression of human decay- accelerating factor (HDAF) in the 
hearts from two control pigs, six independently derived lines of transgenic pigs, and two human 
controls. The experiment was performed as described in the legend to Fig. 3. Results are 
expressed as the mean value of the measurements ±SEM 



hearts ceasing to function within 69 + 18 min. Similarly, hearts from HDAF trans- 
genic pigs which did not express the transgene ceased beating at 72 ±20 min. Sig- 
nificant variability in the cardiac output was found between transgenic organs 
taken from animals with different patterns of expression of HDAF. While trans- 
genic pig hearts expressing HDAF only in the myocardium showed a moderate 
prolongation of the duration of the flow (97 ±48 min), an excellent protection 
of cardiac function was observed in animals with high expression of HDAF on 
endothelial cells (i8o±25min). 

The protective effect on damage deriving from the activation of the comple- 
ment cascade conferred to the transgenic pig heart by the expression of HDAF 
was also confirmed by histological investigation. These studies demonstrated a 
massive destruction of all control pig hearts perfused with human blood. The 
histopathological picture was compatible with HAR of these organs with diffuse 
hemorrhage, edema, and vascular thrombosis. Widespread deposition of C3 in 
the graft was also observed at the time of cardiac failure. In contrast, a substan- 
tially normal cardiac structure was observed in the transgenic pig tissues expres- 
sing HDAF on endothelial cells perfused with human blood, and only minimal 
deposition of C3 was detected in these organs. 

Taken together, these data confirmed the success of the genetic manipulation 
undertaken and allowed us to test in vivo in primates the starting hypothesis that 
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Fig. 5. Comparison of cardiac output of pig hearts perfused ex vivo with human blood. Normal 
pig hearts were perfused with fresh human blood or decomplemented human blood. Transgenic 
pig hearts were perfused with fresh human blood 

pig organs transgenic for human RCA could be protected from complement 
activation and the subsequent HAR. 

Organ Transplantation Studies 

Hearts from new born heterozygote transgenic pigs or control animals were 
transplanted heterotopically into the abdomen of adult cynomolgus monkeys 
(Macaca Fascicularis). This species had been chosen in the light of our previous 
observations which had shown, in vitro, that complement from this species 
was down regulated by HDAR Transplants were performed using a variant of 
the technique described by Ono [49]. In this technique the donor aorta is ana- 
stomosed to the recipient aorta and the donor pulmonary artery anastomosed 
to the inferior vena cava. The spleen was left in situ and care was taken to 
avoid any hemodilution from intravenous infusion of fluids at the time of sur- 
gery. Systemic heparinization of the recipient was also avoided as heparin can 
inhibit complement activity. Donor pigs were heparinized prior to excision of 
the heart. 
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Post-transplant, the abdominal heart was palpated 2-hourly for the first 24 b 
and then twice daily. Rejection of the heart was defined as the time at which a 
heart beat was no longer detectable by external palpation. Potential recipients 
were tested pre-transplant for the presence of antibodies directed against pig 
endothelium [50] or red blood cells [51]. Any monkey whose anti-pig antibody 
titer was not greater than that of a pool of four human sera was not used for 
this study. After transplantation, anti-pig RBC hemolytic antibodies were mea- 
sured on alternate days (three times weekly). The experimental protocols for 
all the primate studies were approved by, and carried out under the supervision 
of, the Animal Inspectorate of the Home Office of England and Wales. 

In the first series of experiments, eight transgenic hearts were transplanted 
heterotopically into non-immunosuppressed cynomolgus monkeys. Ten hearts 
from non-transgenic pigs were used as controls. None of the transgenic pig 
hearts was hyperacutely rejected and these organs had a median survival of 
5.1 days (range, 97-i26h). In contrast, control hearts had a median survival of 
1.6 days (range, 0.4-101 h). It is noteworthy that, of the ten control hearts, five 
were rejected in a mean of 2.6 ±3 h, while the remaining five control hearts 
rejected in a mean of 86.4± 13.8 b. No recipient factor was found which could 
account for this bimodal distribution. 

A possible explanation is in the genetic variability inherent in the use of 
outbred pigs. Staining of pig heart biopsies for the presence of Galai-3GalRi- 
4 G1 cNAc-R residues with GS-I-B4 lectin suggested that long-surviving control 
xenografts expressed less lectin binding residues than the organs which were 
hyperacutely rejected. The lesser immunogenicity of these organs could, there- 
fore, explain this surprising finding. However, Platt and colleagues have recently 
pointed out a lack of correlation between GS-I-B4 lectin and naturally present 
human anti-pig IgM antibodies in their binding profiles to Galai-3GalBi- 
4 G1 cNAc-R epitopes [52]. The existence in some of these pigs of an increased 
expression of porcine “CD59-like” molecules, which are known to block human 
MAC formation [53], could represent another possibility. The classical histologi- 
cal patterns of HAR were demonstrated in all biopsies from the control hearts 
which failed within the first few hours subsequent to the transplant. In contrast, 
acute vascular rejection represented the usual picture in all the non-hyperacutely 
rejected grafts. 

In another series of experiments, hearts from ten heterozygous transgenic pigs 
and five normal pigs were transplanted heterotopically into the abdomen of 
immunosuppressed cynomolgus monkeys. In these animals, triple immunosup- 
pression with cyclosporin A cyclophosphamide and steroids was administered 
based on individual monitoring of clinical and immunological parameters. 
While cyclosporine was administered to achieve a trough level of 40ong/ml, 
cyclophosphamide was administered at the dose needed to maintain the total 
white blood cell (WBC) count at a minimum of 2.0X10M (Fig. 6). It must be 
pointed out that this minimum WBC count has recently been applied in the clin- 
ical immunosuppression of patients affected by autoimmune diseases such as sys- 
temic lupus erythematosus (SLE) [54], and that some authors have advanced as 
far as treating similar patients with pulse cyclophosphamide, considering a 
WBC count as low as 1.5X10^/! as the minimum acceptable nadir for immunosup- 
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Fig. 6. Mean total number of circulating white blood cells (WBC) at different time points of the 
study in the ten immunosuppressed cynomolgus monkeys transplanted with transgenic pig 
hearts 



pression [55]. Methylprednis clone was administered at 1 mg/kg on the day of 
transplant, reducing to 0.2 mg/kg by day 18. 

Control pig hearts were rejected with a median survival of 55 min (range, 0.1- 
3h), while transgenic hearts beat for a median of 40 days (6 to 62 days Fig. 7). 
Despite the presence of preformed anti-pig antibodies, HAR never occurred in 
monkeys transplanted with transgenic pig hearts while, in this study, all control 
pig hearts were hyper acutely rejected. Two of the ten transgenic pig hearts failed 
from rejection on days 6 and 62, respectively, showing significant deposition of 
C3 and C9. Both recipients had high titers of hemolytic anti-RBC antibodies at 
the time of rejection. One animal was killed on day 10 with an abscess on the 
apex of the transplanted heart. This was the only infection recorded in the 
study. One graft failed on day 54 for primary cardiomyopathy, and one graft 
failed on day 55 for unknown reasons. While this graft showed patchy histologi- 
cal evidence of immune attack, this was insufficient to account for graft failure. 
Histology showed that none of the other hearts was in any way affected by rejec- 
tion. Five animals were euthanized in compliance with Home Office welfare gui- 
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Fig. 7. Survival of pig hearts transplanted heterotopically into immunosuppressed cynomolgus 
monkeys. Hearts from decay-accelerating factor (DAF) transgenic pigs (n=io) had a median sur- 
vival of 40 days, while those from normal pigs (controls, n=s) had a median survival of 55 min 



dance, with their xenografted hearts still beating. In these five cases, the experi- 
ment was terminated because of gastrointestinal complications, possibly as a 
result of drug-related toxicity, adhesions or the abdominal position of the 
heart. In this respect, it may be of relevance that, in a clinical study, gastrointest- 
inal complications were observed in 22 % of patients treated with cyclophospha- 
mide [56]. In our study, repeated blood and stool cultures failed to reveal any 
infectious agent. 

Postmortem histological examination of the gastrointestinal tract did not 
reveal any lesions compatible with bacterial or viral infection. All the control 
hearts which were rejected hyperacutely showed the classical histological lesions 
characteristic of HAR (Fig. 8A). However, histopathology of the transgenic hearts 
explanted at the time of euthanasia while still beating (Fig. 8B) showed normal 
cardiac architecture with no evidence of any cellular infiltrate or immune 
damage. While there were significant deposits of IgG and C4 on these hearts, 
staining for C3, C9, and P-selectin was negative. 

Recently, we have initiated the transplantation of transgenic pig hearts into 
non human primates as life-supporting organs. In this context, it is worth men- 
tioning that an orthotopically transplanted transgenic pig heart in a baboon trea- 
ted with immunosuppression similar to that described above sustained life for 
9 days, at which time the animal was euthanized with normal cardiac function. 
Finally, preliminary data obtained in nephrectomized cynomolgus monkeys, reci- 
pients of transgenic pig kidneys showed that these xenografts were able to sus- 
tain the life of these animals for up to 5 weeks. 
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Fig. 8a,b. Light micrographs of pig hearts explanted from cynomolgus monkeys, a Hyperacute 
rejection of a control pig heart at cessation of heart beat (55 min following revascularization). 
Note the massive vascular thrombosis, the modest edema, the interstitial hemorrhage and the 
disparate infiltration of neutrophils, b Normal architecture of a transgenic pig heart explanted 
while still beating from a cynomolgus monkey euthanized on day 34. Note the integrity of the 
arteriolar endothelium, the absence of thrombosis, hemorrhage, or neutrophils and the con- 
served normal structure of the cardiac parenchyma 
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Comment 

To the best of our knowledge, these data document the longest survival of pig-to- 
primate xenografts reported to date. The pig-to-primate model is undoubtedly a 
very challenging and difficult model. However, several conclusions can be made 
in the light of the results of our experience with transplanting pig organs into 
nonhuman primates. Firstly, expression of high levels of HDAF on the surface 
of transgenic pig organs is able to prevent the onset of HAR of pig xenografts 
transplanted into cynomolgus monkeys and baboons. 

Secondly, the best previous survival of pig organs into primates recorded to 
date was by Alexandre et al. who achieved, in the premolecular engineering era, 
the remarkable survival of a pig kidney in a baboon for 22 days [57]. This was 
achieved utilizing a very complex experimental immunosuppressive approach 
which entailed splenectomy of the recipient, repeated preoperative plasmapher- 
esis, rabbit anti human thymocyte serum, azathioprine, cyclosporine, soluble 
blood group substances A and B, and methylprednisolone. It is likely that this 
approach could never be applicable for clinical purposes. In contrast, with a sim- 
pler immunosuppressive approach developed in rodents [58], consisting of the 
utilization of three relatively common immunosuppressive drugs already utilized 
in clinical practice, we have managed to prolong to more than 8 weeks the sur- 
vival of pig organs into primates. 

We are aware of the fact that 50 % of these animals experienced severe side- 
effects as a possible consequence of the long-term administration of cyclopho- 
sphamide. On the other hand, serious side-effects related to the utilization of 
cyclophosphamide have been reported in humans [54, 56, 59], and it is possible 
that the therapeutic index of this drug is further reduced in cynomolgus mon- 
keys. However, we are confident that the utilization of one of the latest generation 
immunosuppressive molecules will probably mitigate these drug-related side- 
effects, allowing further improvement of the long-term survival of HDAF trans- 
genic pig organs in primates. 

Thirdly, while in both immunosuppressed and nonimmunosuppressed mon- 
keys the rejection of a pig xenograft was always associated with a rise in the reci- 
pient’s anti-pig RBC hemolytic antibodies, acute vascular rejection was not 
observed in the heart biopsies of some animals which had high titers of such 
hemolytic antibodies for several days prior to the time of their euthanasia. 
Clearly, the analysis of acute rejection of xenografts and its inhibition remains 
an exciting challenge for the future. 

The data reported here suggest that transplantation into humans of organs 
from pigs transgenic for human RCA may represent a realistic therapeutic option 
in the not-too-distant future. 

Acknowledgements. The authors would like to thank all of those involved in 
undertaking these studies; particularly Professor F. Grosveld, Mr J. Dunning, 
Mr V. Young, Mr P. Friend, Mr M. Tolan, Mr P. Waterworth, Mr P. Braidley, Dr 
C. Carrington, and Dr N. Cary. Finally, we wish to express our gratitude to 
Miss Helen Sykes for excellent secretarial assistance. This work was funded by 
Imutran. 




680 



E. Cozzi, N. Yannoutsos, G.A. Langford, G. Pino-Chavez, J.Wallwork, and DJ.G. White 



References 

1. Cooper DKG, Ye Y, Rolff LL, Zuhdi N. The pig as potential organ donor for man. In: 
Xenotransplantation, (First edition). Cooper DKC, et al. (eds). Heidelberg, Springer, 
i 99 i> P- 481 

2. Allan JS. Xenotransplantation at a crossroads: Prevention versus progress. Nature Med 
1996; 2: 18 

3. Dalmasso AP, Vercellotti GM, Fischel RJ, et al. Mechanisms of complement activation 
in the hyperacute rejection of porcine organs transplanted into primate recipients. Am 
J Pathol 1992; 140(5): 1157 

4. Zhao Z, Termignon JL, Cardoso J, et al. Hyperacute xenograft rejection in the swine- 
to-human donor-recipient combination. In vitro analysis of complement activation. 
Transplantation 1994; 57: 245 

5. Platt JL, Bach FH. The barrier to xenotransplantation. Transplantation 1991; 52: 937 

6. Good AH, Cooper DKC, Malcolm AJ, et al. Identification of carbohydrate structures 
which bind human anti-porcine antibodies: implications for discordant xenografting 
in man. Transplant Proc 1992; 24: 559 

7. Sandrin MS, Vaughan HA, Dabkowski PL, McKenzie IFC. Anti-pig IgM antibodies in 
human serum react predominantly with Gal(ai-3)Gal epitopes. Proc Natl Acad Sci 

1993; 90: 11391 

8. Galili U. Interaction of the natural anti-Gal antibody with a-galactosyl epitopes: a 
major obstacle for xenotransplantation in humans. Immunol Today 1993; 14: 480 

9. Bach FH, Blakely ML, Van Der Werf M, et al. Discordant xenografting: a working 
model of problems and issues. Xeno 1993; 1: 8 

10. Auchincloss H Jr. Xenogeneic transplantation: a review. Transplantation 1988; 46: 1 

11. Cozzi E, White DJG. The generation of transgenic pigs as potential organ donors for 
humans. Nature Med 1995; 1: 964 

12. Oriol R, Ye Y, Koren E, Cooper DKC. Carbohydrate antigens of pig tissues reacting 
with human natural antibodies as potential targets for hyperacute vascular rejection 
in pig-to-man organ xenotransplantation. Transplantation 1993; 56: 1433 

13. d'Apice AJF, Tange MJ, Chen C-G, et al. Gal(ai,3)Gal: elimination, suppression, mask- 
ing or none of the above? Xeno 1995; 3: 113 

14. Koike C, Hayashi S, Yokoyama I, et al. Converting a-Gal epitope of pig into H antigen. 
Transplant Proc 1996; 28: 553 

15. Makowka L, Cramer DV, Hoffman A, et al. The use of a pig liver xenograft for temporary 
support of a patient with fulminant hepatic failure. Transplantation 1995; 59: 1654 

16. Busch GJ, Martins ACP, Hollenberg NK, Wilson RE, Colman RW. A primate model of 
hyperacute renal allograft rejection. Am J Pathol 1975; 79: 31 

17. Miyagawa S, Hirose H, Shirakura R, et al. The mechanism of discordant xenograft 
rejection. Transplantation 1988; 46: 825 

18. Chartrand C, O’Regan S, Robitaille P, Pinto-Blonde M. Delayed rejection of cardiac 
xenografts in C6-deficient rabbits. Immunology 1979; 38: 245 

19. Brauer RB, Baldwin WM, Daha MR, Pruitt SK, Sanfilippo F. Use of C6-deficient rats to 
evaluate the mechanism of hyperacute rejection of discordant xenografts. J Immunol 

1993; 151: 7240 

20. Leventhal JR, Dalmasso AP, Cromwell JW, et al. Prolongation of cardiac xenograft sur- 
vival by depletion of complement. Transplantation 1993; 55: 857 




Effect of Transgenic Expression of Human Decay-Accelerating Factor on the Inhibition 



681 



21. Johnston PS, Lim SML, Wang MW, Wright L, White DJG. Hyperacute rejection of 
xenografts in the complete absence of antibody. Transplant Proc 1991; 23: 877 

22. Pruitt SK, Kirk DA, Bollinger RR, et al. The effect of soluble complement receptor type 
1 on hyperacute rejection of porcine xenografts. Transplantation 1994; 57: 363 

23. Kobayashi T, Neethling FA, Koren E, et al. In vitro and in vivo investigation of anti- 
complement agents, FUT-175 and K76COOH, in the prevention of hyperacute rejection 
following discordant xenotransplantation in a nonhuman primate model. Transplant 
Proc 1996; 28: 604 

24. Kroshus TJ, Rollins SA, Dalmasso AP, et al. Complement inhibition with an anti-Cs 
monoclonal antibody prevents acute cardiac tissue injury in an ex vivo model of 
pig-to-human xenotransplantation. Transplantation 1995; 60: 1194 

25. Rollins SA, Matis LA, Springhorn JP, Setter E, Wolff DW. Monoclonal antibodies direc- 
ted against human C5 and C8 block complement-mediated damage of xenogeneic cells 
and organs. Transplantation 1995; 60: 1282 

26. Lachmann PJ. The control of homologous lysis. Immunol Today 1991; 12: 312 

27. Morgan BP, Meri S. Membrane proteins that protect against complement lysis. In: 
Springer Seminars in Immunopathology.Heidelberg, Springer, 1994, p. 369 

28. Wang M-W, Wright LJ, Sims MJ, White DJG. Presence of human chromosome 1 with 
expression of human decay- accelerating factor (DAF) prevents lysis of mouse/human 
hybrid cells by human complement. Scand J Immunol 1991; 34: 771 

29. White DJG, Oglesby TJ, Tedja I, et al. Expression of human decay accelerating factor or 
membrane cofactor protein genes on mouse cells inhibits lysis by human complement. 
Transpl Int 1992; 5: 648 

30. Lewin B. Organization of the eukaryotic genome. In: Genes V. Lewin B (ed). Oxford, 
Oxford University Press, 1994 

31. Miller JFAP. Application of molecular genetics to transplantation immunology. Trans- 
plant Proc 1991; 23: 1717 

32. Grosveld F, Blom van Assendelft G, Greaves DR, Kollias G. Position-independent, high- 
level expression of the human P-globin gene in transgenic mice. Cell 1987; 51: 975 

33. Grosveld F, Antoniou M, Berry M, et al. Regulation of human globin gene switching. 
In: Cold Spring Harbor Symposia on Quantitative Biology, volume 58, 7. Cold Spring 
Harbor Laboratory Press, 1993 

34. Pinkert CA. Transgenic pig models for xenotransplantation. Xeno 1994; 2: 10 

35. Post TW, Arce MA, Liszewski MK, et al. Structure of the gene for human complement 
protein decay accelerating factor. J Immunol 1990; 144: 740 

36. Liszewski MK, Post TW, Atkinson JP. Membrane cofactor protein (MCP or CD46): 
newest member of the regulators of complement activation gene cluster. Annu Rev 
Immunol 1991; 9: 431 

37. Tone M, Walsh LA, Waldmann H. Gene structure of human CD59 and demonstration that 
discrete mRNAs are generated by alternative polyadenylation. J Mol Biol 1992; 227: 971 

38. Vize PD, Michalska AE, Ashman R, et al. Introduction of a porcine growth hormone 
fusion gene into transgenic pigs promotes growth. J Cell Sci 1988; 90: 295 

39. Brinster RL, Allen JM, Behringer RR, Gelinas RE, Palmiter RD. Introns increase tran- 
scriptional efficiency in transgenic mice. Proc Natl Acad Sci 1988; 85: 836 

40. Pursel VG, Bolt DJ, Miller KF, et al. Expression and performance of transgenic pigs. J 
Reprod Fertil 1990; 40: 235 




682 



E. Cozzi, N. Yannoutsos, G.A. Langford, G. Pino-Chavez, J.Wallwork, and DJ.G. White 



41. Post TW, Liszewski MK, Adams ME, et al. Membrane cofactor protein of the comple- 
ment system: alternative splicing of serine/threonine/proline-rich exons and cytoplas- 
mic tails produces multiple isoforms that correlate with protein phenotype. J Exp Med 
1991; 174: 93 

42. Russell SM, Sparrow RI, McKenzie IFC, Purcell DFJ. Tissue-specific and allelic expres- 
sion of CD46 is controlled at the level of alternative splicing. Eur J Immunol 1992; 22: 

1513 

43. Burke DT, Olson MV. Preparation of clone libraries in yeast artificial chromosome vec- 
tors. Methods Enzymol 1991; 194: 251 

44. loannou PA, Amemiya CT, Games J, et al. A new bacteriophage Pi-derived vector for 
the propagation of large human DNA fragments. Nature Genetics 1994; 6: 84 

45. Yannoutsos N, Ijzermans JNM, White D, Grosveld F. Using yeast artificial chromo- 
somes to generate transgenic animals. Xeno 1995; 3: 107 

46. Hammer RE, Pursel VG, Rexroad CE, et al. Production of transgenic rabbits, sheep 
and pigs by microinjection. Nature 1985; 315: 680 

47. Cozzi E, Langford GA, Richards A, et al. Expression of human decay accelerating fac- 
tor in transgenic pigs. Transplant Proc 1994; 26: 1402 

48. White DJG, Langford GA, Cozzi E, Young VJ. Production of pigs transgenic for human 
DAF. A strategy for xenotransplantation. Xenotransplantation 1995; 2: 213. 

49. Ono K, Lindsay L. Improved technique of heart transplantation in the rat. J Thorac 
Cardiovasc Surg 1969; 57: 225 

50. Platt JL, Lindman BJ, Chen H, Spitalnik SL, Bach FH. Endothelial cell antigens recog- 
nized by xenoreactive human natural antibodies. Transplantation 1990; 50: 817 

51. Van den Bogaerde JB, Aspinall R, Wang M-W, et al. Induction of long-term survival of 
hamster heart xenografts in rats. Transplantation 1991; 52: 15 

52. Platt JL, Holzknecht ZE. Porcine platelet antigens recognized by human xenoreactive 
natural antibodies. Transplantation 1994; 57: 327 

53. van den Berg CW, Morgan BP. Complement-inhibiting activities of human CD59 and 
analogues from rat, sheep and pig are not homologously restricted. J Immunol 1995; 
152: 4095 

54. Euler HH, Schroder OJ, Harten P, Zeuner RA, Gutschmidt HJ. Treatment-free remis- 
sion in severe systemic lupus erythematosus following synchronization of plasmapher- 
sis with subsequent pulse cyclophosphamide. Arthritis Rheumatism 1994; 12: 1784 

55. Boumpas DT, Austin HA, Vaughn EM, et al. Controlled trial of pulse methylpredniso- 
lone versus two regimens of pulse cyclophosphamide in severe lupus nephritis. Lancet 
1992; 340: 741 

56. McCune WJ, Golbus J, Zeldes W, et al. Clinical and immunological effects of monthly 
administration of intravenous cyclophosphamide in severe systemic lupus erythemato- 
sus. N Engl J Med 1988; 318: 1423 

57. Alexandre GPJ, Gianello P, Latinne D, et al. Plasmaphersis and splenectomy in experi- 
mental renal xenotransplantation. In: Xenograft 25. Hardy MA (ed). Amsterdam, Else- 
vier, 1989: p. 259 

58. Hassan R, Van den Bogaerde JB, Wallwork J, White DJG. Evidence that long-term sur- 
vival of concordant xenografts is achieved by inhibition of antispecies antibody pro- 
duction. Transplantation 1992; 54: 408 

59. Hoffmann GS, Kerr GS, Leavitt RY, et al. Wegener’s granulomatosis: an analysis of 158 
patients. Ann Intern Med 1992; 116: 488 




50 Overcoming the Anti-Gala(1-3)Gal Reaction To Avoid 
Hyperacute Rejection: Molecular Genetic Approaches 

M.S. Sandrin, S. Cohney, N. Osman, and I.RC. McKenzie 



Introduction 

As indicated previously, pig organs appear to be the most suitable to use for vas- 
cularized transplants for humans [i, 2]. The social need for this has been covered 
elsewhere in this volume, as has the major problem - hyperacute antibody 
mediated rejection (HAR). It has been known for many years that all humans 
have naturally occurring cytotoxic and hemagglutinating antibodies reacting 
with pig antigens [3], and it is clear that these antibodies would cause, within 
minutes, the rejection of vascularized pig tissues such as heart, liver, kidney, pan- 
creas, or lung after transplantation to humans. Examples of HAR in pig to human 
transplantation, particularly for kidney and liver, are described elsewhere in this 
volume. The interacting components in HAR are: (a) antigen, (b) IgG and IgM 
antibodies, and (c) complement (C). There is little doubt that if there were 
neither antigen (the subject of this chapter), nor antibody or C [4, 5], then 
HAR would not occur, the graft would survive for days (at least) and other 
mechanisms of rejection would then come into play. The modes of removal of 
antibodies and/or C are described elsewhere; here we will discuss modifying 
the antigens to prevent HAR; we do not discuss antigens involved in the later 
phases of rejection which could involve both antibody and cellular mechanisms 
as the primary components. 

One would think that, as there are so many obvious differences between humans 
and pigs, there would be many xenoantigenic differences (i.e., antigens important in 
the human immune response to pigs). This prediction is wrong, as it appears that 
the major, if not the only, antigen of importance when pig tissue is transplanted to 
humans is the carbohydrate epitope Gala(i,3)Gal [6-8] (also described in Chaps. 4 
and 25). The importance of this epitope was clearly shown by the following: 

1. The identification of large amounts of natural antibodies to Gala(i,3)Gal, an 
observation made originally by Landsteiner, but more recently by Galili [9- 
11] and others [6-8, 12, 13]; it is now clear that both IgG and IgM antibodies 
are present to Gala(i,3)Gal [6-13]; IgA antibodies have also been described [14]. 

2. The demonstration that, in vitro and in vivo, the presence of Gala(i,3)Gal inhibits 
HAR [15-19]; this is strong evidence that Gala(i,3)Gal is the major target in HAR. 

3. Studies showing Gala(i,3)Gal expressed in monkey COS cells, (produced by 
transfection of the ai,3-galactosyltransferase cDNA [12, 20]) gave differential 
reactions with human serum compared with nontransfected COS cells and 
that Gala(i,3)Gal'^ COS cells could absorb all the antibodies, from human 
serum, capable of reacting with pig cells [21]. 
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4 . Removal of anti-Gala(i,3)Gal antibodies by plasmapheresis absorption to 
Gala(i,3)Gal columns delays graft rejection in monkeys [i6] (Third Interna- 
tional Congress for Xenotransplantation poster 1995). 

Thus, if the Gala(i,3)Gal epitope could be removed by either masking, block- 
ing or prevention of synthesis, then HAR would not occur. In practical terms, 
how difficult a problem is this? Several points need to be made: 

1. Gala(i,3)Gal epitopes are found on many cell surface molecules in the pig [22, 
23]. Pigs (and indeed in all species except human. Old World monkeys, and 
some other species including bacteria) express Gala(i,3)Gal. In species with 
a functional ai,3-galactosyltransferase, Gala(i,3)Gal is a normal component 
of glycosylation of many glycoproteins and glycolipids. 

2 . As there are so many molecules expressing Gala(i,3)Gal [22], it is not practical 
to deal with these individually; a strategy is required that will stop Gala(i,3)- 
Gal being expressed on all molecules. To do this, the sugar itself can be tar- 
geted, the transferase that transfers galactose to the appropriate substrate, 
or the processing pathway (Table 1, Fig. 1). These approaches are possible 
because all molecules are galactosylated by a single ai,3-galactosyltransferase 
encoded by a single gene (Fig. 1). As will become apparent, it is possible to 
target the ai,3-galactosyltransferase and its gene. 



Methods To Avert Hyperacute Rejection by Altering the Genes 
of Donor Animals 

As shown in Fig. 1, there are a number of sites to attack Gala(i,3)Gal expression - 
from the gene encoding the transferase to the final product, the sugar; most of 
these involve genetic engineering techniques, particularly introducing “trans- 
genes” to express a foreign gene with its own or a different promoter. The oppo- 
site approach is to stop expression entirely by inactivating the gene through the 



Tablet. Summary of approaches to reduce Gala(i,3)Gal in pigs 



Site of action 



Method Gala(l,3)Gal AT-acetyl- Feasi- 

expression lactosamine bility 
expression 



Gene 



al,3-Galactosyltransferase gene 


Gene knockout 


None 


TTt 


No 


RNA 


Antisense RNA^ 


Transgenesis 


i 


TT 


Yes 


Antisense oligonucleotides 


Infusion 


4 . 


tt 


Yes 


Protein 


Inhibitor of al,3-Galactosyltransferase 


Infusion 




TTT 


No^ 


Carbohydrate 


al,2-Fucosyltransferase 


Transgenesis 




None 


Yes 


a-Galactosidase 


Transgenesis 


4-i 


tt 


Yes 



T, Increase in expression; decrease in expression. 

® Theoretical possibility, as little efficacy in vitro. 

^No specific inhibitor of al,3-galactosyltransferase currently known. 
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recombination 



RNA 
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oligonucleotide 
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C 



-► a1,3galactosyltransferase 

D 



t 

Galp(1,4)GlcNAc-R ► Gala(1 ,3)Galp(1 ,4)GlcNAc-R 



a1 ,2fucosyltransferase 



E 



F 



agalactosidase 



i t 

Gaip(1 ,4)GlcNAc-R ,4)GlcNAc-R 

lad. 2) 

Fuc 



Fig.1. Biosynthetic pathway for synthesis of Gala(i,3)Gal. Pathway begins with N-acetyl lactosa- 
mine (Galp(i,4)GlcNAc). The ai,3-galactosyltransferase enzyme adds galactose to generate 
Gala(i,3)Gal (A). Both gene inactivation by homologous recombination (B) and transgenic 
approaches to inhibit/breakdown RNA (C) would prevent production of ai,3-galactosyltransferase 
and eliminate Gala(i,3)Gal. Potentially specific ai,3-galactosyltransferase inhibitors could act 
upon the enzyme (D). Also shown is an alternative transgenic approach to utilize the substrate 
of ai,3-galactosyltransferase by ai,2-fucosyltransferase (E). Gala(i,3)Gal could be eliminated by 
a-galactosidase (F) 



process of homologous recombination, the “gene knockout” (GKO) technique. As 
these methods are central to this chapter they will be briefly described. We will 
not discuss the use of direct inhibitors of the ai,3-galactosyltransferase enzyme 
itself (Table i, Fig. i). 



Transgenesis 

Transgenesis is the integration of a foreign gene (transgene) into the germline of 
an animal such that the gene is expressed, and is transmitted to the offspring. To 
date, the transgenic technology has been applied to both plants and animals: 
mice, rats, rabbits, pigs, sheep, cows, goats, chickens, and fish. The method for 
producing transgenic animals is similar for all species, and the production of 
transgenic mice is described here (for more detail, see [24-28]); it is the same 
procedure for pigs. 

The commonest approach for producing transgenic mice is by the microinjec- 
tion of cloned DNA into the pronucleus of a fertilized mouse egg (Fig. 2). Imma- 
ture female mice are superovulated with hormones (to produce more eggs) by the 
sequential administration of follicle stimulating hormone/luteinizing hormone 
and human chorionic gonadotrophin, and are then mated with fertile male 
mice. Twenty-four hours later, the females are operated upon, and fertilized 
eggs are flushed from the oviducts into tissue culture medium and are assessed 
for their suitability for injection by microscopy. A microneedle loaded with a 
suspension of the transgene plasmid DNA is injected into the male pronucleus 
of a single-celled fertilized mouse embryo. Surviving embryos are incubated 
for 8-18 h until division to the two-cell stage has occurred, and then surgically 
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Fig. 2. a Method of transgenesis, b Gene knockout and homologous recombination 
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transferred to the oviducts of pseudopregnant foster mothers (produced by mat- 
ing female mice with vasectomized male mice). Transgenic mice are born 19 days 
later and are evaluated for transgene incorporation (see below). An efficiency of 
o.5%-3.7% is reported in mice [29], e.g., in one series 3342 eggs were isolated 
and microinjected, 874 fetuses developed, and 502 had DNA integration [29]. 
An important factor in transgenic efficiency is the strain of mouse used, the pro- 
duction of transgenic mice being more efficient with Fi or zygotes than with 
zygotes of inbred strains. 

DNA integration into the genome is random and insertion at a single site with 
multiple head-to-tail copies of the transgene is usual. One to several hundred 
copies of the transgene may integrate, but copy number is not always propor- 
tional to transgene expression. Insertion of the transgene in multiple sites of 
the genome is less common, and integration may be delayed for several cleavage 
divisions after microinjection, resulting in the transgene being present in only a 
fraction of the cells. The host genome may have deletions, duplications, rearran- 
gements, or translocations at the transgene insertion site, with the possible con- 
sequence of disruption of an essential gene. Insertion of the transgene adjacent 
to gene regulatory sequences can result in unexpected patterns of transgene 
expression. 

After obtaining DNA from the tail of mice at any time after birth, identifica- 
tion of transgenic mice can be made several ways: by polymerase chain reaction 
(PCR) analysis of crude DNA preparations, dot blotting of genomic DNA, or 
Southern blotting of genomic DNA digested with restriction enzymes. The latter 
method is the most stringent test of transgene integration. Histological or other 
studies of protein expression can be made on transgenic mouse tissues to assess 
transgene expression, or northern blot analysis to assay for mRNA. Subsequent 
breeding of transgenic founder mice determines whether the transgene can be 
transmitted to the next generation. 

Several types of DNA constructs can be used in the generation of transgenic 
animals and to some extent the type of construct dictates the questions that 
can be addressed using transgenic animals models. Constructs consisting of 
complete genomic clones, containing all exons, introns and related 5' and 3' 
sequences contain all the information required to synthesize the gene product 
in the appropriate cells and tissues, and accordingly the expression of the trans- 
gene produce can be assessed. Minigene constructs comprised of cDNA 
sequences linked to 5' regulatory sequences can also be used, however the inclu- 
sion of some intron sequence is a requirement for high level gene expression. 
Alternatively, the gene coding region for a protein of interest can be linked to 
the promoter sequences from another gene, i.e., a heterologous promoter, to pro- 
vide different tissue and cell specific expression relative to wild type, and thereby 
help reveal the normal function of the gene as well as showing the consequences 
of ectopic expression of the transgene (e.g., using an H2 class I promoter). Given 
the simplicity of the procedure from a practical viewpoint, it is not surprising 
that many different transgenic animals have been produced. Transgenic pigs 
have been produced using scaled up (and more expensive) facilities than 
described above. As indicated in this volume, pigs transgenic for the human com- 
plement components CD46 (membrane cofactor protein, MCP), CD55 (decay- 
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accelerating factorDAF), and CD59 have been described and used in functional 
studies. The transgenic approaches which could be used to avoid Gala(i,3)Gal 
expression are described below. 



Gene Inactivation by Homologous Recombination 

As discussed above, the transgenic approach requires the injection of a gene (or 
cDNA) into an egg; the gene is incorporated randomly and functions under its 
“own” promoter (i.e., the promoter in the DNA construct). For homologous 
recombination [30-32], the additional requirements are: (a) the gene to be tar- 
geted depends on the recombinant gene “finding” its target, an event which 
occurs with a frequency of 1X10^-10^; in this case, the transgene cannot be 
inserted randomly, but has to be in the correct site; (b) extensive in vitro screen- 
ing has to be done to find the one (in 10^"^) recombinant; (c) the cell containing 
the recombinant DNA has to be maintained and then introduced into a blasto- 
cyst. This is done by the use of embryonic stem (ES) cells derived from the 
mouse strain 129/SvSn, which, in culture, can differentiate into teratocarcinoma 
cells. These cells are maintained in the non-differentiated stare by various 
media, cells (fibroblast feeders), and agents such as leukemia inhibitory factor 
(LIF). On injection, some of the ES cells are incorporated into the developing 
blastocyst; the resultant offspring are chimeras containing the ES DNA (and 
hopefully the recombinant gene) and blastocyst DNA. 

The procedure is complex and laborious with the following steps: 

1 . Production of a nonfunctional gene as similar as possible to the gene to be 
targeted. The gene can be rendered nonfunctional by different means - excis- 
ing a segment, altering the reading frame but usually, by the insertion of the 
neomycin (neo)gene (Fig. 2), which also functions as a selectable marker to 
the gene, which allows growth, in selective media, of cells which have the 
neo gene present, irrespective of where the gene is integrated. 

2 . Maintenance of ES cells in a nondifferentiated state. 

3 . Introduction of gene-neo construct into ES cells, usually by electroporation. It 
will be noted that the gene-neo construct can integrate anywhere (random 
integration), but may also recombine with the gene to be targeted (homolo- 
gous recombination). The frequency of recombination is increased with the 
greater similarity of the two gene sequences; thus if 129/SvSn ES cells are 
used, it is preferable to use DNA of 129/SvSn origin. 

4 . Selection in G4i8-containing media for gene incorporation. G418 acts by 
blocking protein synthesis by interfering with ribosomal function; the expres- 
sion of the neo gene (bacterial aminoglycoside phosphotransferase) in trans- 
fected cells results in the detoxification of G418 [33]. 

5 . Testing of G4i8-resistant cells for recombinants of the normal gene with the 
gene-neo construct (PGR or Southern analysis). This can be tedious - with 
hundreds of reactions to be performed. With PGR, primers are used which 
use the new gene-neo (e.g., sequences in neo) and sequences adjacent to the 
site of integration so that a band will be amplified only if homologous recom- 
bination has occurred. 
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6. Microinjection of selected ES cells into blastocysts for transgenesis. 

7 . Examination of offspring - coat color chimera (if ES and blastocysts have dif- 
ferent coat color genes) or by DNA testing. 

8. Breeding of chimeras to show germline transmission, and then inbreeding of 
mice which have the new homologous recombination gene in place of the nor- 
mal gene. 

Using this method, many genes of immunological interest have been tar- 
geted: 

- p2M (class I MHC) 

- lA (class I major histocompatibility complex, MHC) 

- CDs, 4, 5, 8 

- Lyi 

- Fc receptor 

- CDi8 (lymphocyte function-associated antigen-i, LFA-i; intercellular adhesion 
molecule i, ICAM-i) 

- Perforin 

- Granzyme B 

- Cytokines interleukin (IL)-2, -4, -5, -6, -jR, -10, -12, y-interferon (IFN), tumor 
necrosis factor (TNF) 

- Gala(i,s)Gal transferase 

At present the technology is only available in mice - most “knockouts” being 
done in 129/SvSn ES cells leading, usually, to chimeras on a mixed genetic back- 
ground, requiring many generations of backcrossing. C57BL/6 ES cells can also 
be used, and if injected into C57BL/6 blastocysts, the offspring will have 
C57BL/6 background genes. Intercrossing two founder mice will produce progeny 
homozygous -/- for the gene of interest, and be coisogenic with C57BL/6. This 
technology cannot currently be performed in pigs so that only transgenes can 
be used in studies of xenotransplantation. 

There are several other problems with the homologous recombination techni- 
que that deserve mention. Firstly, some genes are crucial for either development 
or maintenance of life and the knockout is lethal. For example, deletion of the N- 
acetyl glucosaminyltransferase I (found in both N- and O-linked sugars of mam- 
mals) is lethal in utero [34]. Secondly, some genes considered to be crucial for 
life (or at least for an immune response), when nonfunctional do not appear 
to be accompanied by any particular phenotype. For example, IL-2 is considered 
a key cytokine in T cell-dependent immune responses. In the IL-2'^' mice there is 
severe ulcerative colitis [35], but the mice are otherwise normal [36]. Presumably, 
in such mice, compensatory mechanisms develop in utero so that the effect of the 
missing gene is minimized. 

There are now several methods under development to induce gene dysfunction 
in adults and these have appeal, for if the genes could be turned on or off at will, 
then their effects can be fine-tuned, much like adjusting the dose of immunosup- 
pressive agents. Such systems include the cre/lox system where the ere gene can 
lead to recombination in lox containing transgenes, and irreversibly splice out 
the gene of interest - the homologous recombination method being used to tar- 
get the gene of interest using lox containing constructs [37-39]. The system is 
such that if the recombination inducing gene lox is under an externally inducible 
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promoter (e.g., metallothionein which responds to heavy metals in the drinking 
water, or under tetracycline responsive genes) [39], then the mere addition of 
these materials to the food intake can turn on the gene. It remains to be seen 
how these procedures can apply to xenografts. 



Gene Homologous Recombination Approaches to Xenotransplantation 

a1,3'Galactosyltransferase Enzyme 

As described above, and elsewhere in this volume, the majority of natural human 
anti-pig antibodies recognize Gala(i,3)Gal [6-8]. Approaches to overcome HAR 
produced by anti-Gala(i,3)Gal antibodies requires an understanding of the 
enzyme which produces the carbohydrate epitope. Gala(i,3)Gal is used to ter- 
minate the nonreducing end of AT-glycans, 0-glycans, and glycolipids on many 
different molecules, and is used by cells, as an alternative to sialic acid, to 
provide an uncharged terminal carbohydrate residue. The Gala(i,3)Gal residues 
are synthesized by ai,3-galactosyltransferase, which catalyses the addition of a 
terminal a-linked galactose to iST-acetyl lactosamine (Fig. 1). The substrate speci- 
ficity of the ai,3-galactosyltransferase has been examined in vitro, and is any 
unbranched galactose in a ( 3 -linkage with either N-acetyl glucosamine or JV-acetyl 
galactosamine [40]. Approaches to inhibit the action of this enzyme can focus on 
the gene or on the expression of the mRNA (Table 1, Fig. 1). 

Molecular Cloning of a1,3-Galactosyltransferase cDNA 

cDNA clones encoding ai,3-galactosyltransferase have now been isolated from the 
mouse [41, 42], ox [43], pig [20, 44], and New World monkeys [45], all containing 
open reading frames which encode a predicted protein with a domain structure 
common to all glycosyltransferases thus far cloned [46]. ai,3-galactosyltransfer- 
ase is a typical type II integral membrane protein (amino terminal orientated 
towards the cytoplasm) comprising a short cytoplasmic tail (six amino acids), 
a transmembrane region (16 amino acids), a stalk region, and a carboxyl-term- 
inal catalytic domain (that resides within the lumen of the Golgi). 

Using a series of truncated cDNA clones, Galili et al. [45] were able to demon- 
strate that the active site (catalytic domain) of ai,3-galactosyltransferase com- 
mences 67 amino acids from the putative transmembrane domain, residing in 
the 277 amino acid carboxyl terminal domain. Comparison of the amino acid 
sequences of pig, mouse, ox, and marmoset shows that the highest sequence 
identity between all the cloned ai,3-galactosyltransferases is in the carboxyl por- 
tion which contains the catalytic domain, with an overall identity of 78 %. 

Related to ai,3-galactosyltransferase is B blood group transferase, which also 
catalyses the addition of terminal ai,3-linked galactose [47]. However, in contrast 
to ai,3-galactosyltransferase, which uses N-acetyl lactosamine as the acceptor 
substrate, the B blood group ai,3-galactosyltransferase can only use fucosylated 
N-acetyl lactosamine as a substrate (H substance) [47]. The distinguishing fea- 
ture of these two transferases (which have 65 % amino acid identity) is that 
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even though both can transfer a terminal ai,3-linked galactose, neither can utilize 
the other’s substrate, an observation used as an alternative approach to func- 
tional inactivation of the ai,3-galactosyltransferase enzyme (see below). 

Structure of the a1,3-Galactosyltransferase Gene 

The murine ai,3-galactosyltransferase gene (the best characterized) is a single 
gene composed of nine exons spanning approximately 35 kb of chromosome 2 
[42]. There is evidence that the enzyme has at least 4 alternatively spliced iso- 
forms in the mouse [42], and comparison of the published sequences [20, 44] 
suggests that there are at least two splice variants in the pig. Genomic sequences 
homologous to murine ai,3-galactosyltransferase gene have been reported in 
humans, defining two nonlinked pseudogenes [48, 49]; one located on chromo- 
some 9q33~34 and the other on chromosome 2qi4-i5 [50]. It is interesting to 
note that the pseudogene on chromosome 9 is linked to the A and B blood 
group transferases, suggesting an evolutionary relationship between all of these 
transferase genes [8, 48]. 

In the mouse, the first three exons of the ai,3-galactosyltransferase gene 
encode the 5 ' untranslated sequence of mRNA, with the next six exons encoding 
the protein [42]. The catalytic domain of the ai,3-galactosyltransferase is encoded 
within the last exon (exon 9) [42], which makes this the ideal exon to target for 
gene knockout strategies (see below). 

Expression of Gala(1,3)Gal 

It is clear from several studies that endothelial cells of almost all vessels in the 
pig, including capillaries, arterioles and venules express Gala(i,3)Gal [51, 52]. 
As this would be the first site of interaction in vascularized transplantation, vig- 
orous rejection would be assured because of the dense distribution of Gala(i,3)- 
Gal. The parenchyma in some tissues were also positive -particularly the liver 
and kidney which contained large amounts [51]. In the kidney this was differen- 
tially distributed and found strongest in the proximal convoluted tubules, lesser 
amounts elsewhere; in the liver there was uniform distribution of the parench- 
yma and in the hepatic ducts. Heart muscle was nonreactive; in the lung, the lin- 
ing of alveoli and bronchioles was strongly staining, as were the vessels. The one 
glandular tissue that was different was the pancreas, where adult pancreas, apart 
from the vessels and ducts, was virtually nonreactive - the exocrine and endo- 
crine tissue (islets) did not stain at all [51]. 

There are major differences in the expression of Gala(i,3)Gal in mice and pigs. 
While pig tissues fixed in formalin or examined fresh expression copious 
amounts of the epitope, mouse tissues fixed in formalin give very poor reactivity 
compared with fresh tissue (I.RC. McKenzie et al., unpublished). Finally, there are 
major species differences in that mouse kidney and liver are virtually nonreactive, 
whereas in the pig they are strongly reactive. Similar results have been described 
using fluorescein isothiocyanate (FITC)-labeled IB4 lectin [53], and in mRNA 
expression (by northern blot analysis) [54]; however, using reverse transcriptase 
(RT)-PCR, signals have been detected in most tissue [42]. The relevance of the 
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mouse work is in the homologous recombination experiments to produce 
Gala(i,3)Gar mice. However, while the murine model will be of some use, one 
should be cautious in extrapolating experimental results from mouse to pig. 

a1,3-Galactosyltransferase'^' Mice Produced by Homologous Recombination 

Mice deficient in ai,3-galactosyltransferase (gal"^' mice) after gene inactivation by 
homologous recombination have been reported from two centers [55, 56], both 
targeting exon 9 (the exon encoding the catalytic domain) for disruption. Several 
important observations arose from the studies of these mice: 

1. In contrast to the inactivation of some glycosyltransferases [34], inactivation 
of the ai,3-galactosyltransferase gene is not lethal. This result was predicted 
[6, 8], as the gene had been inactivated by naturally occurring mutations in 
humans and Old World monkeys, without deleterious effects [48, 49, 57]. 

2. Inactivation of the ai,3-galactosyItransferase gene leads to the lack of expres- 
sion of GaIa(i,3)GaI in all tissues examined, not an unexpected finding as 
there is only one ai,3-galactosyItransferase gene in the mouse [42]. 

3 . The gaT^" mice produce natural anti-Gala(i,3)Gal antibodies [55]. Whether 
these are induced by bacterial infection, or without antigenic stimulus is 
not clear, but it is apparent that the occurrence of these antibodies in these 
gal'^" mice parallels the observations in humans and Old World monkeys. 

4 . Although gal'^' mice do not bind purified human anti-Gala(i,3)Gal antibodies 
[55> 56], when examined with whole human serum, some antibody binding 
was still observed [56]. This reaction is probably due to the binding of natural 
human anti-N^-acetyl lactosamine antibodies, which are present in substantial 
amounts in all humans tested [58], but are not observed in normal mice as N- 
acetyl lactosamine is not a terminal carbohydrate. 

Clearly, gene inactivation of the ai,3-galactosyltransferase alone is not the ulti- 
mate solution to generate animals suitable to be transplant donors, particularly 
as the technique is currently not available in pigs (Table 1). However, these stu- 
dies are important as they indicate what carbohydrates will be expressed by 
pig organs if the technique ever becomes available. 



Transgenic Approaches to Xenotransplantation 

As homologous recombination is not available in pigs, transgenic approaches 
which could be used to produce pigs expressing reduced amounts of Gala(i,3)Gal 
are necessary and will be discussed. 



Antisense RNA 

RNA-RNA interactions have been shown to be important in several processes. 
The discovery in 1978 [59] that an oligonucleotide, complementary to the coding 
strand of Rous sarcoma virus, could inhibit the replication of the virus led to the 
use of antisense oligonucleotides as potential antiviral therapeutic agents (an 
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Fig. 3. Expression of Gala(i,3)Gal on COS cells after transfection. The cDNA clones used were: a 
hsGTy ai,3-galactosyltransferase; anti-ai,3GT, antisense ai,3-galactosyltransferase; ai,2FTy ai,2- 
fucosyltransferase; aGdase, a-galactosidase A 



antisense RNA is defined as an RNA molecule which interferes with the activity 
of another RNA). Antisense RNA constructs have been used to inhibit gene func- 
tion in both plants [6o] and animals [6i]. 

Of relevance to the ai,3-galactosyltransferase gene would be to use an anti- 
sense cDNA to ai,3-galactosyltransferase mRNA which, when used as a transgene, 
would be produced in the cell and bind irreversibly with RNA and block its tran- 
scription (Tablet, Fig. i), a phenomenon not as yet described. In our hands, anti- 
sense RNA, produced by transfecting COS cells with cDNA for the noncoding 
strand of ai,3-galactosyltransferase, inhibits Gala(i,3)Gal expression in vitro 
(Fig. 3; M.S. Sandrin and I.F.C. McKenzie, unpublished). Alternatively, extraneous 
antisense oligonucleotides (administered intravenously) could be used. In vitro, 
such oligonucleotides have been reported to decrease the level of cell surface 
Gala(i,3)Gal by 40% in pig endothelial cells [62, 63], but this is not a major 
or useful decrease. Whether such approaches will be of use in the production 
of transgenic pigs remains to be seen as the level of decreased expression of 
Gala(i,3)Gal will lead to an increased expression of N-acetyl lactosamine, to 
which humans have antibodies (Table 1; also see above). 



Transgene Expression of a1,2-Fucosyltransferase 

Another method for reducing expression of the Gala(i,3)Gal epitope is by the 
competitive removal of its precursor with another glycosyltransferase. As 
described above, both ai,3-galactosyltransferase and the ai,2-fucosyltransferase 
(H transferase) utilize N-acetyl lactosamine as their acceptor substrate (Fig. 1). 
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While the former generates (the antibody reactive) Gala(i,3)Gal epitope, the ai,2- 
fucosyltransferase is responsible for the production of a fucosylated structure (H 
substance/H antigen) - well known as the O blood group antigen. Furthermore, 
the ai,3-galactosyltransferase enzyme is unable to utilize AT-acetyl lactosamine 
once it has been fucosylated [40], leading to the concept that the over-expression 
of H transferase may lead to a reduction in the formation of the terminal 
Gala(i,3)Gal epitopes [6, 8]. 

Thus studies from our laboratory have shown, both in vitro and in vivo, that 
not only was there competition between these two transferases, but that when 
both transferases are present there is preferential expression of H substance lead- 
ing to a marked decrease in Gala(i,3)Gal expression [64-66]. The major findings 
were: 

1 . When cDNA clones encoding both porcine ai,3-galactosyltransferase and 
human ai,2-fucosyltransferase were transfected simultaneously into COS 
cells or pig kidney cells, the cell surface expression of Gala(i,3)Gal was 
reduced by more than 90 % (Fig. 3) while the level of H substance was unaf- 
fected [64, 65]. The preferential expression of the product of the ai,2-fucosyl- 
transferase over that of the ai,3-galactosyltransferase seems to be related pri- 
marily to the topographical organization of these transferases within the Golgi 
complex of the cell [67]. 

2. There was a significant decrease in the susceptibility of the pig kidney cell 
lines to lysis by human serum [64]. 

3 . Transgenic mice expressing human ai,2-fucosyltransferase were produced 
using the cDNA encoding this transferase under the control of the H-2K^ pro- 
moter, and expression of H antigen demonstrated on erythrocytes, peripheral 
blood lymphocytes, splenocytes, and thymocytes, which contrasted with its 
absence from cells of normal mice and nontransgenic littermates [64, 66]. 
More importantly, the surface expression of Gala(i,3)Gal was reduced by 
approximately 90 %. In addition, immunohistological studies showed high 
levels of expression of H substance on liver, spleen, kidney, and heart, with 
a concomitant reduction in levels of Gala(i,3)Gal [66]. Importantly, Gala(i,3)- 
Gal staining on endothelium was reduced, though still detectable [66]. 

It is not clear whether the remaining amount of Gala(i,3)Gal epitope present 
in an H transgenic animal would be sufficient to react with human antibody to 
trigger hyperacute rejection. However, the transgenic strategy should also suc- 
ceed in the pig, and allow evaluation of porcine to primate organ transplants. 



Removing Gala(1,3)Gal with a-Gaiactosidase 

Another approach to eradicating HAR would be to reduce the amount of 
Gala(i,3)Gal using a-galactosidase (Table 1, Fig. 1), an enzyme which cleaves 
terminal a-linked galactosyl residues from the adjacent carbohydrate. Treatment 
of erythrocytes, lymphocytes and endothelial cells with a-galactosidase (of coffee 
bean or bacterial origin) removes Gala(i,3)Gal from these cells and negates their 
reaction with human serum both in vitro and in vivo [52, 68-70]. We have 
demonstrated the efficacy of using a-galactosidase cDNA in vitro [71], as a pre- 
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lude for use in a transgenic approach to the removal of Gala(i,3)Gal, and have 
shown the following: 

1. Human a-galactosidase A enzyme [72] in vitro is as effective as the bacterial 
or plant enzymes used in other studies for the cleavage of Gala(i,3)Gal from 
the cell surface [71]. 

2 . Coexpression of human a-galactosidase and pig ai,3-galactosyltransferase 
cDNA clones in COS cells resulted in a 75 % reduction in Gala(i,3)Gal expres- 
sion (Fig. 3) [71]. 

3. The susceptibility to lysis by human serum of COS cells coexpressing human 
a-galactosidase and pig ai,3-galactosyltransferase cDNA clones was markedly 
reduced (71). 

These findings suggest that a-galactosidase enzyme expressed within the 
appropriate subcellular fraction can cleave the terminal galactose from Gala(i,3)- 
Gal. In addition, the simultaneous expression of a-galactosidase and ai,2-fucosyl- 
transferase (Fig. 3) should eliminate the expression of Gala(i,3)Gal. This approach 
has the potential to be used in the production of transgenic pigs, a viable alterna- 
tive to ai,3-galactosyltransferase gene inactivation by homologous recombination. 



Comment 

To totally reduce Gala(i,3)Gal to levels which do not react in deleterious ways 
with antibodies it will be necessary to use a number of strategies shown in 
Table 1 in combination, e.g., a method for removal of Gala(i,3)Gal, such as the 
gene knockout (should it become technically feasible) or a-galactosidase trans- 
gene (both of which may unmask other immunogenic epitopes), together with 
the H transgene, which would result in the conversion of any free AT-acetyl lac- 
tosamine groups to H substance (the universal donor antigen). Alternatively, 
the H transferase may be used with the human complement regulators (as 
described in Chap. 49, this volume) in a composite transgenic animal. 

However, whether these sophisticated transgenic approaches will be required 
is not all that clear. Firstly, antibodies can be removed by plasmapheresis, or 
absorption, leading to prolonged survival of pig organ transplants in monkeys, 
as shown years ago in Belgium, with survival up to 24 days [73], and more 
recently in the Sachs’ tolerance studies [74]. However, heavy immunosuppression 
was required to prevent the reemergence of antibodies in both studies. Whether a 
combination of plasmapheresis/absorption and immunosuppression (which can 
be done very effectively now) is better than sophisticated transgenic approaches 
(not proven or not yet available) remains to be seen. Secondly, while animals 
with no expression of Gala(i,3)Gal, or of other antigens to which there are anti- 
bodies, will have organs resistant to anti-Gala(i,3)Gal or other antibodies, care 
will have to be taken that they do not produce organisms (such as retroviruses) 
that also lack Gala(i,3)Gal and will therefore not be eradicated by the natural 
immune reactivity of anti-Gala(i,3)Gal antibodies. A theoretical possibility 
only? Perhaps so, but it should be noted that a recent study demonstrated the 
inability of human serum to neutralize murine retroviruses which had been pas- 
saged through ai,2-fucosyltransferase-expressing mouse cells, in contrast to those 
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grown in normal mouse cells, which are readily neutralized by anti-Gala(i,3)Gal 
antibodies, suggesting the role of these antibodies as a barrier to the horizontal 
transmission of retroviruses [75]. 

It is clear that either simple mechanical procedures or sophisticated trans- 
genic/GKO techniques should soon provide pigs which are suitable as donors 
for organ transplantation, as overcoming HAR is now an achievable goal. We 
await the description of the residual problems in organ transplants which may 
then be revealed. “Where lurks aging, and yet noble facts? As thence, here can 
I ponder and build better cases” (Anon). 
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Introduction 

Anti-aGal antibody has been identified as the dominant xenoantigen in pig- 
to-human transplantation [i, 2]. It binds to terminal Galai-3Gaipi-4GlcNAc- 
R [3]. This structure is not present in humans as the enzyme which creates 
it, ai,3-galactosyltransferase (aGT) has undergone frameshift and nonsense 
mutations [4]. The epitope is, however, widely distributed in the animal king- 
dom up to and including New World monkeys [5]. Humans develop anti-Gal 
antibodies as they are continually exposed to the a-galactosyl epitope on gut 
bacteria [6]. Although Galili first described anti-aGal as an IgG antibody occur- 
ring at a frequency of up to 1% of total IgG, it also has IgM and IgA compo- 
nents [7]. 

Anti-aGal has been variably estimated to account for 70%-90% of the total 
human anti-pig xenoantibody [7], and its functional capacity has been demon- 
strated both in vitro in cell cytotoxicity assays [8] and in ex vivo models in 
baboons [9]. The following is an overview of our research on the aGal xenoanti- 
gen, which initially focused on defining its relevance as a porcine xenoantigen 
and subsequently on various methods of genetically eliminating it. 



Histological Studies 

A tissue survey of porcine organs using affinity-purified anti-aGal antibody 
and anti-aGal-depleted serum revealed strong staining with anti-aGal antibody 
on the endothelium of all organs, in a perinuclear pattern in the heart and in 
small bile ductules in the liver. The strongest staining was seen in the proximal 
convoluted tubule of the kidney (Fig. la). However, there was almost no stain- 
ing seen with serum which had been depleted of anti-aGal by affinity chroma- 
tography (Fig. lb). These observations were confirmed by the demonstration 
that the reactivity of either purified anti-aGal antibodies or of whole human 
serum could be blocked by a-galactosyl sugars, such as melibiose, but not 
by irrelevant sugars, such as lactose. These studies demonstrated that the 
aGal epitope was the dominant porcine xenoantigen recognized by human 
xenoantibodies. A variety of other approaches, predominantly by Cooper’s and 
Sandrin’s groups [2, 8, 10, 11], have been published and unequivocally demon- 
strate the dominant position of the aGal epitope in this clinically relevant xeno- 
combination. 
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Functional Studies 



To determine whether these xenoantibodies had functional capability which 
could mediate hyperacute rejection, ^^Cr release lysis assays were performed on 
porcine aortic endothelial cells (PAEC), using either whole human serum, 
anti-aGal depleted serum or purified anti-aGal antibody, together with pig spleen 
cell absorbed rabbit serum as the source of complement. Figure! demonstrates 
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M Fig. 1. a Indirect immunofluorescence staining of 2-|im pig renal cortex sections with anti-aGal 
antibody (200 pg/ml) and fluorescein isothiocyanate (FITC) -conjugated sheep anti-human IgG 
F(ab)^ fragment. Section shows strong staining of endothelium of small artery and brush border 
of adjacent proximal convoluted tubules. Original magnification, X500. b Indirect immunofluor- 
escence staining of 2-pm pig renal cortex sections with anti-aGal-depleted serum (200 pg/ml) 
and FITC-conjugated sheep anti-human IgG F(ab)^ fragment. Section shows no staining of any 
structure in the renal cortex. Original magnification, X500. Immunoperoxidase staining of 4-p 
m sections of c H transferase transgenic and d wild-type mouse hearts with FITC-conjugated 
Ulex europaeus 1 lectin (3 pg/ml; Sigma, St. Louis, MO, USA) and horseradish peroxidase-conju- 
gated anti-FITC (1:300). 3,3'-Diaminobenzidine tetrachloride was used as the chromogen and 
Harris’ hematoxylin as the counterstain. There is strong staining of the endothelium of small 
and large vessels in c the transgenic heart which is absent in d the nontransgenic heart. Original 
magnification, X600. Immunoperoxidase staining of 4-pm sections of e H transferase transgenic 
and f wild-type mouse hearts with FITC-conjugated IB4 lectin (1.25 pg/ml; Sigma, St. Louis, MO, 
USA) and horseradish peroxidase-conjugated anti-FITC (1:300). There is no staining on the 
endothelium of capillaries and small vessels. However, e there is staining of the endothelium 
of arterioles in wild-type hearts, while f there is IB4 lectin staining of the endothelium of all ves- 
sels in transgenic hearts. Original magnification, X600. Immunoperoxidase staining of 4-pm sec- 
tions of g aGal knockout and h wild-type mouse heart with FITC-conjugated IB4 lectin (20 pg/ 
ml) and horseradish peroxidase-conjugated anti-FITC (1:300). There is no staining of the 
endothelium of any vessel in e, in contrast to h, where the endothelium of all vessels is positive. 
Original magnification, X600 



dose-dependent lysis of PAEC by human serum which is due to anti-aGal. The 
cytotoxicity of anti-aGal antibody is due to the IgM component since disruption 
of the IgM with 10 mM dithiothreitol abolished lysis. Finally, using an ex vivo 
model in which a mouse heart is perfused with human plasma in a Langendorff 
apparatus [12], we have demonstrated a substantial prolongation of survival 
when hearts are perfused with human plasma depleted of anti-aGal antibodies 
(32.5 ±6.7 min) compared to normal plasma (i3.3±4.6 min; p<o,oi) [13]. Taken 
together, these relatively simple studies strongly implicate anti-aGal as the key 
xenoantibody in hyperacute rejection of pig xenografts by humans and therefore 
a major barrier to clinical xenotransplantation. 



Strategies To Inhibit Gal Expression 

Inhibition of this xenoantibody- xenoantigen interaction clearly has the potential 
to prevent hyperacute rejection. There are a number of different approaches to 
achieve this goal which can be divided broadly into those which target the 
xenoantibody and those attacking the xenoantigen. We have taken the view 
that antibody depletion, antigen blockade and other therapies directed at the 
recipient depend on a temporary and possibly incomplete effect being sufficient 
and have the potential to further compromise recipients, who must in any case 
face substantial immunosuppression to prevent cell-mediated rejection. We 
have therefore focused on strategies directed at the xenograft donor, which are 
permanent and do not place the recipient at any greater risk. Strategies directed 
at recipient xenoantibodies are discussed in other chapters. 

Broadly, the xenograft donor-directed strategies that we have investigated 
involve genetic manipulation so that the aGal epitope is either not expressed 
at all or is expressed at a very low level. We have examined two approaches. 
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Fig. 2. 5^ Cr release assay of lysis of pig aortic endothelial cells by human xenoantibodies in the 
presence of pig spleen cell-absorbed rabbit complement. Results are expressed as mean ± SD. 
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The first is gene inactivation (knockout) in which the aGT enzyme which creates 
the aGal epitope is disrupted by homologous recombination. The second is sup- 
pression of the aGal epitope by transgenic expression of the human H transferase 
gene. Other approaches which we have not attempted and will not discuss here 
are suppression of production or destruction of aGT by antisense RNA [14] 
and ribozymes [15], respectively. 
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H Transferase Transgenks 

Sandrin’s group initially proposed this novel method of suppressing production 
of the Gal epitope [i6, 17]. In human endothelial cells, where aGT is absent, H 
transferase (ai,2-fucosyltransferase) fucosylates the Gaipi-4GlcNAc-R (N-acetyl- 
lactobiose) substrate and produces H substance. This enzyme is not present in 
pig endothelium, although another homologous ai,2-fucosyltransferase, Se trans- 
ferase, is present in exocrine tissue. Sandrin demonstrated that transfection of a 
pig cell with human H transferase resulted in expression of H substance and sup- 
pression of the Gal epitope, presumably by completion for the common N-acet- 
yllactobiose substrate. The advantage of this approach is that the H transferase 
gene can be introduced into pigs by existing transgenic technology and does 
not require embryonic stem cell technology. We have recently tested this hypoth- 
esis both by transfection and transgenesis in mice [18]. 

Murine NSO myeloma cells which express high levels of the aGal epitope were 
transfected with human H transferase. There was strong expression of H sub- 
stance and an 8o%-90% reduction in aGal epitope expression. Transgenic 
mice were made in which the H transferase gene was under control of the ubi- 
quitously expressing murine H2-K^ promoter. Figure 3 shows strong expression 




Fig. 3. Expression of H substance on peripheral blood leukocytes (PBL) of an H transferase trans- 
genic mouse compared to a wild- type control. Fluorescein isothiocyanate (FITC)-Ulex europaeus 
lectin and flow cytometry 
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Fig. 4. Expression of aGal 
epitope on peripheral 
blood leukocytes (PBL) 
of an H transferase 
transgenic mouse 
compared to a wild-type 
control. Fluorescein 
isothiocyanate (FITCl-IB^ 
lectin and flow cytometry 




of H substance on peripheral blood leukocytes (PBL), with suppression of aGal 
epitope expression (Fig. 4). However, despite strong expression of H substance on 
the endothelium of all blood vessels (Fig. ic,d), a diminution in the level of aGal 
expression as detected by lectin only occurred in capillaries and not in larger 
vessels (Fig. ie,f). There appeared to be an inverse relationship between the 
amount of aGal normally expressed on the endothelium and the ability of trans- 
genically expressed H transferase to suppress it. It is not clear whether the failure 
to suppress the aGal epitope on larger vessels simply represents a difference in 
substrate supply or whether endothelium from different types of blood vessels 
express glycosyltransferases at different sites in the Golgi apparatus. 

Another unexpected finding was an increase in binding of human IgM to the 
splenocytes of the H transferase transgenic mice compared to controls. This was 
accompanied by an increase in complement activation as measured by C3C bind- 
ing. These findings strongly suggest that the genetic manipulation has created or 
exposed a new xenoantigen. So far this theoretically elegant approach has posed 
more problems than solutions and it needs further assessment to determine its 
utility. 
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aGal Knockout Mice 

We have recently reported the generation of mice in which the aGT gene has 
been inactivated by homologous recombination [19]. These aGal knockout 
(KO) mice are viable and fertile and the only phenotypic abnormality observed 
to date is the universal development of cortical cataracts by 6 weeks of age. The 
finding that the aGal knockout mice are fertile argues strongly against aGal 
being critical for fertilization as has recently been suggested [20]. Histological 
surveys have not revealed any other abnormalities. Importantly, aGT mRNA 
was not detected by reverse transcriptase PGR and the aGal epitope was not 
detectable by IB4 lectin on all cells (Fig. 5) and organs examined (e.g., 
Fig. ig,h). Thus, as hoped, the aGal epitope has been completely depleted by inac- 
tivation of the aGT gene and is not regenerated by another unsuspected redun- 
dant glycosyltransferase. 

The aGal knockout mice were then used to examine human serum for other 
non-aGal xenoantibodies. At very high serum concentrations (50 %), binding 
of human IgM was markedly higher on aGal knockout compared to normal sple- 
nocytes. At serum concentrations below 20 % NHS, spleen cells from aGal 
knockout mice showed an approximate 60 % reduction in both IgM and IgG 
binding compared to normal mouse splenocytes with a typical prozone 



Fig. 5. Absence of expres- 
sion of aGal epitope on 
peripheral blood leuko- 
cytes (PEL) of a Gal 
knockout mouse com- 
pared to a wild-type con- 
trol. Fluorescein isothio- 
cyanate (FITC)-IB4 lectin 
and flow cytometry 
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^ % normal human serum 

Fig.6a,b. Flow cytometry binding assays of a human serum IgM and b IgG with splenocytes of 
aGT knockout {hatched bars) and wild-type mice {open bars) 



(Fig. 6). As with the H transferase transgenic mice, deletion of the aGal epitope 
by gene inactivation is not completely effective in reducing xenoantigenicity. 

These results suggest that two different types of “new” xenoantigens have 
been created or exposed. Firstly, there is the new xenoantigen reactive with 
very low titer IgM xenoantibodies. Secondly, there is the xenoantigen(s) detected 
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by non-aGal IgG and IgM xenoantibodies at high titer. There is a strong sugges- 
tion that this represents either a new xenoantigen or one which has been exposed 
in increased amounts, as the reduction in high titer xenoreactivity of human sera 
with cells from aGal knockout mice (by approximately 6o %) is substantially less 
than would be predicted from earlier in vitro studies in which it was shown that 
depleting human serum of anti-aGal xenoantibodies almost completely abolished 
xenoreactivity (Figs, i, 2). 

When histological sections of organs from aGT knockout mice are reacted 
with 10% human serum there is little apparent difference in the intensity of 
staining for bound human IgG or IgM. 



Functional Studies 

The decrease in IgM binding to aGal KO splenocytes at serum concentrations 
below 20 % is paralleled by a decrease in complement activation. C3 binding 
to KO mouse splenocytes is reduced by 30 %-50 % compared to wild-type sple- 
nocytes, depending on the serum concentration (Fig. 7). 

Protection was also demonstrated using the ex vivo Langendorff model in 
which hearts were perfused with increasing concentrations of normal human 
plasma up to a total concentration of 13 %. aGal knockout heart survival was sig- 
nificantly prolonged compared to wild type mice (26.7±9.3min vs. 8.3±i.3min; 
p<o.ooi). There was an accompanying decrease in IgM and C3 binding in aGal 
knockout hearts compared to wild-type hearts. However, there was little decrease 
in the IgG binding between the two groups. 
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Specificities of Non-aGal Xenoantibodies 

Both genetic manipulations have had an effect on the aGal epitope - complete 
abolition in aGal knockout mice, and partial (and apparently tissue-dependent) 
reduction in H transferase transgenics. However, in both, the effect on “total 
xenoantigenicity,” as determined by reactivity with pooled human serum or 
plasma, has been less than would be predicted from studies of the reactivity of 
anti-aGal-depleted human serum with pig cells and tissues. What are the possible 
explanations? 

Firstly, it must be said that the expectations of massive reduction in total 
xenoantigenicity are derived from studies of the dominance of the aGal xenoan- 
tigen in the human-pig combination, and here we are dealing with human anti- 
mouse xenoantigenicity. It is clear that aGal is much more strongly expressed in 
pigs than mice [21] and therefore the proportion of xenoantibodies which react 
with non-aGal xenoantigens is much greater in the mouse than the pig. Studies 
are in progress to determine the contribution of anti-mouse^'^Vpig^”^ xenoantibo- 
dies to this phenomenon. Secondly, if these genetic manipulations have generated 
“new” xenoantigens or uncovered or increased the expression of preexisting 
otherwise minor xenoantigens, the fundamental differences in the genetic manip- 
ulations would predict quite different consequences in this regard. Broadly, the H 
transferase transgenic approach might allow the generation of an entirely “new” 
xenoantigen, because a new non-native structure is being generated, while the 
aGal knockout approach would be more likely to favor increased expression of 
previously minor xenoantigens or exposure of preexisting but cryptic xenoanti- 
gens. So far, the nature of these non-aGal xenoantigens is unknown but provides 
for interesting speculation. 

A wild card candidate for a “new” xenoantigen which might be generated in 
H transferase transgenics in human blood group A. Some pigs certainly have A 
transferase, but its expression is limited to tissues of endodermal origin such as 
exocrine tissue where its substrate, H substance, is generated by Se transferase 
(an ai,2-fucosyltransferase) [1]. However, they do not express blood group A on 
blood and endothelial cells because, unlike humans, they do not have the meso- 
dermal ai,2-fucosyltransferase known as H transferase. If pigs (or mice) express 
A transferase in endothelium or blood cells and do not generate a product 
because its substrate is not generated (due to lack of H transferase), provision 
of the latter by transgenesis would create blood group A - a “new” xenoanti- 
gen! 

Candidates for over-expression or uncovering of previously lowly expressed or 
cryptic antigens in aGal KO mice are the T, Tn, I/i, p^, and Forsmann antigens. 
The structures of these are shown in Table 1. Humans are known to have natu- 
rally occurring antibodies to T (Thomsen-Friedenreich) antigen [22], Tn antigen 
[23], I/i (the core structures of the ABO antigen system which are fucosylated by 
H transferase to generate H substance) [24], the P group substances (including p^ 
antigen [24]), and in some individuals Forssman glycolipid [2,26]. A change in 
the xenoantigen composition may be accompanied by a change in the character- 
istics of the relevant xenoantibodies. For example, we have noticed that when 
aGal knockout mouse splenocytes are incubated with human serum at 37 °C, 
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Tablet. Candidate xenoantigens in 


aGal knockout mice 


Antigen 


Structure 


Tn antigen (± sialic acid) 


GalNAc-R 

6 

± 1 

2NeuAc 


Thomsen-Friedenreich (T) antigen 


Galpl-3GalNAc-R 


I antigen 


Gaip 1 -4GlcNAcp 1 -3Gaip 1 -4GlcNAc-R 

pi 

1 




1 

3Gaipi-4Glc-lCer 


i antigen 


Gaip 1 -4GlcNAcp 1 -3 Gaip 1 -4GlcNAc-R 
6 pi 

/ 1 

Gaip 1 -4GlcNAcPl 3Gaipi -4Glc- 1 Cer 


antigen 


Galal-4Galpl-4Glcpl-lCer 


Forssman antigen 


GalNAcal-3GalNAcpi-3Galal-4Gaipi-4Glcpi-lCer 



there is little residual IgM binding compared to that seen at 4 °C, suggesting that 
they are anti-I antibodies which can behave as a cold agglutinin [24]. 



Comment 

In pig-to-human xenotransplantation the dominant xenoantigen recognized by 
naturally occurring human xenoantibodies is the aGal epitope. This has been 
demonstrated in vitro by immunohistochemistry and flow cytometry using 
anti-aGal-depleted serum and inhibition by specific sugars. Anti-aGal antibody 
depletion in in vitro experiments protects pig endothelial cells from lysis by 
human serum, and in an ex vivo heart perfusion model it prolongs heart survi- 
val. 

Both the aGT knockout and H transferase transgenesis approaches are effec- 
tive in reducing aGal epitope expression. The former is clearly superior as its 
effects are complete and uniform. Unfortunately, gene knockout is at present 
not achievable in the pig because pig embryonic stem cells, which are critical 
for this technology, are not yet available. Despite the success of both approaches 
in abolishing or reducing expression of the aGal epitope, the effect on total 
xenoantigenicity is substantially less than expected from the in vitro studies 
using anti-aGal-depleted sera, both genetic manipulations appear to have been 
confounded to different degrees by the appearance of “compensatory” xenoanti- 
genicity, the basis of which is still uncertain. “Candidate” xenoantibody- antigen 
combinations include cold reactive IgM, Thompson-Friedenreich antibody, anti- 
Tn, anti-p^ and anti-I antibodies. 
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Introduction 

The goal of xenotransplantation is to resolve the shortage of donor organs. Suc- 
cess would lead to a major revolution in transplantation. The current enthusiasm, 
however, has to be viewed in the light of the results actually achieved during the 
past 33 years of effort. All clinical attempts since 1963 have ended in lethal rejec- 
tion (due to insufficient immunosuppression) or in deadly infection (due to over- 
immunosuppression). Survival and, in particular, function time of discordant 
xenografts have been insignificantly prolonged to date. 

More than 250 reports about new immunosuppressive drugs and schedules of 
administration in xenotransplantation have been published in the last 5 years 
alone. Most have been related to experience in small rodent models. Progress 
made in small laboratory animals, however, shows only inconsistent correlation 
with controlled in vivo studies in large mammals or with clinical efforts. Even 
the reports in large animal studies and humans have to be regarded with caution, 
because either the organs were not transplanted orthotopically or their function 
was suboptimal, necessitating support by artificial measures until the lethal end. 

The reasons for this disappointingly slow progress can be directed to the 
bewildering complexity of hyperacute xenogeneic rejection, which is related in 
great part to the presence of evolutionary hurdles. This chapter will attempt to 
review our limited knowledge in the field of comparative physiology, biochemis- 
try, and anatomy, but can at best describe discrepancies in these interspecies 
interactions only in mosaic form. 

Evolution has set severe obstacles to xenotransplantation. Even in closely 
related species combinations, significant differences in metabolism and interac- 
tion of mediators exist which can profoundly disturb physiological, biochemical, 
and even immunological interactions between graft and recipient [2]. In models 
in which widely divergent species are used, major adverse reactions are observed 
within a very short period after reperfusion with xenogeneic blood [3]. Further- 
more, cell-mediated reactions have not yet been sufficiently investigated in vivo 
because none of these organs has achieved a long enough survival time. There- 
fore, the mechanisms involved in late xenogeneic rejection of discordant primary 
and secondary vascularized organs can only be assumed and/or composed as 
hypotheses [4]. 
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Evolution 

Numerous components of evolution influence the progress of xenotransplanta- 
tion. Genetics, physiology, and anatomy all separately relate to evolution and 
(in regard to xenotransplantation) have to be understood as an integrated 
whole, with an increasing complexity developed over evolutionary time. Evolu- 
tion’s own dilemma is the continuing conflict of retaining the advantages that 
have been achieved but at the expense of what might be achieved. Total con- 
stancy of living material would eliminate any future change, while unlimited var- 
iation would jeopardize what has been attained already. The phylogeny of man- 
kind depends on improvements and adaptations arising from accidental and 
spontaneous mutations. 

The rate of evolution per unit of absolute time is, however, unpredictable and 
peculiar to each species. It depends on the environmental niche chosen. Only 
very approximate estimations can be made of the time required to effect a mor- 
phological change. The rates of evolution of the external appearance of man and 
animals are rather similar, although the rates of genetic and immunologic mod- 
ifications are different [5]. 

Molecular evolution can proceed with a remarkable regularity. 

It has been found that the amino acid sequences of albumin change to a simi- 
lar degree over a given period of time in different groups of animals, such as pri- 
mates and dogs [6]. The more recent the common ancestor that the two species 
share, then the greater the structural resemblance between the albumins. This 
difference can even be expressed as “index of dissimilarity” or “immunological 
distance.” It has also been called the “immunological clock” [5] (Table 1). This 



Table 1. Index of dissimilarity 
(ID) and rates of albumin 
evolution in primates and 
canines 



Species 


ID 


Primates 


Man 


1.00 


Gorilla 


1.09 


Chimpanzee 


1.14 


Orangutan 


1.22 


Baboon 


2.23 


Chapuchin monkey 


5.00 


Tupaia 


11.00 


Cattle 


32.00 


Pig 


>35.00 


Canine 


Dog 


1.00 


Coyote 


1.06 


Wolf 


1.16 


Jackal 


1.18 


Fox 


1.20 
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process of molecular evolution is discontinuous. In other words, the minimum 
change is the substantiation of one amino acid after the other. Serum albumin 
is involved in the transport of steroid hormones, cholesterol, bilirubin, etc., 
and is responsible for the maintenance of blood osmolarity, and yet, despite 
all of these useful functions, is fully dispensable [7]. Individuals totally lacking 
serum albumin have been described in several species (humans, dogs, and 
rats) without impairment of any essential capacity to support life. 



Selection of a Suitable Donor Species 

Nature did not anticipate that humans would one day wish to develop xeno- 
transplantation, particularly when this involves a widely divergent relationship. 
Natural selection over 3 billion years has achieved 2-5 million animal species 
on earth today. But from approximately 4100 mammal species, one quarter are 
small rodents and are not suitable for the purpose of clinical xenotransplanta- 
tion. Only very few species, mainly those domesticated by man, would be 
suitable as organ donors on the basis of their anatomical characteristics 
(Fig.i). 

The classification of the phylogenetic relationship between a donor animal 
species and man, and the impact of this relationship on the functioning of organs 
and cells in a different environment, are possibly the most fundamental problems 
in xenotransplantation. Xenograft survival time seems to be inversely propor- 
tional to the evolutionary time divergency (or phylogenetic distance) between 
the two species [8]. Transplants between individuals of one zoological family 
or between zoologically closely related creatures are rejected acutely, usually in 
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Fig.i. Evolutionary relationship between species suitable for xenotransplantation in man 
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a cellular fashion. Transplants between members of two families within one mod- 
erately related zoological order are rejected in a mixed humoral/accelerated cel- 
lular fashion, while transplants between two widely divergent zoological orders 
are destroyed hyperacutely by purely humoral mechanisms (or possibly even 
nonimmunological mechanisms) [9]. 

Within this general pattern, however, lie many inconsistencies. For example, 
hearts transplanted from rat to mouse survive for 7.5 days but vice versa for 
only 3.5 days. Rabbit hearts function in rats for 3 days, while rabbits reject rat 
hearts hyperacutely [10]. Wolf kidneys survive in mongrel dogs for 20 days with- 
out immunosuppression, while wolves reject dog kidneys in 12 days [11]. Guinea 
pig organs are rejected by Old World rodents (such as rats and mice) hyperacu- 
tely, a paradox which must be related to the ancient separation of the American 
continent from Eurasia and the different chromosomal evolutionary processes in 
these rodents [5]. Hearts from New World monkeys transplanted into Old World 
primate species are also rejected hyperacutely [12]. 

The rates of morphological, biochemical, and physiological change are rela- 
tively rapidly (in evolutionary terms) simply under the pressure of the environ- 
ment, for example during domestication, or as seen in the contrast in the pres- 
ence of aGali-3Gal epitopes between Old and New World primates after 
continental shifting. In the absence of such pressures, however, features may 
remain unchanged for millions of years [6]. Most domestic animals differ com- 
pletely in their phenotype from their wild ancestors (e.g., domestic dog and wolf, 
pig and wild boar), while their genetic background has changed little. This indi- 
cates that domestic breeding or “farming” of appropriate donors would allow us 
to modify organ size in a relatively short time without, for example, altering the 
phenotype of the major histocompatibility complex [13]. 



Anatomical Differences 

The size of potential donor species is an important aspect of xenotransplantation. 
Domestication has shown that nature would allow appropriately sized donors to 
be produced in a relatively short time, but their genetic skeleton would not 
change so rapidly. The original shape, structure, and texture, as well as the 
basic mechanical and functional characteristics, would still exist [14]. Anatomical 
differences may impede successful surgical techniques. Organs incompatible for 
size are prone to be either compressed in the new recipient (in the case of 
large organs) or unphysiologically enlarged by edema or hemorrhage (in the 
case of small organs) as is known from the experience with liver transplantation 
[15]. In addition, most parenchymal organs depend on rhythmic heartbeat or 
muscle tone to produce undulating tissue pressure [16]. 

The human upright posture is exceptional in the animal kingdom, and could 
influence the suitability and successful transplantation of organs from animals 
of horizontal bearing. Only humans, primates, and kangaroos have adapted to 
a permanently upright position. As a result, their anatomical characteristics 
are quite different from other mammals of comparable size to man. A compari- 
son of heart valves (originating from the upright kangaroo and the horizontal 
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Fig. 2. Heart valves (aortic) from pig (left) and kangaroo {right). Note the 17% reduction in the 
orifice of the pig valve due to the presence of muscle tissue 



pig) transplanted into sheep demonstrated that the effective orifice of a kangaroo 
aortic valve is 17 % larger than that of a pig valve of the same diameter. Thus the 
stroke volume is higher and the resulting transvalvar pressure gradient is lower, 
which reduces the demand on the host heart muscle [17] (Fig. 2). 

Posture also influences blood circulation. In the human lung, for example, 
blood flow varies in three distinguishable zones. For example, the lower third 
of the lung has both a larger change in volume during inhalation and exhalation 
and a smaller resting volume than the apex. The different pressures measured in 
each zone are related to upright posture and affect the capillaries variously. The 
pressure of the blood vessels is more pulsatile in upright than in horizontal 
lungs. Together with species-specific differences in resistance at the blood-gas 
barrier, different hemoglobins, and varying blood viscosity, gas transport could 
be disturbed if the lungs or heart from a horizontal animal are transplanted 
into an upright recipient [18]. 

The transplantation of baboon livers to humans has also resulted in unsatis- 
factory technical outcomes [2]. Transplanting rodent hearts into guinea pigs het- 
erotopically has proved to be technically difficult, possibly because of the extre- 
mely low blood pressure found in the guinea pig. Many other examples of 
difficulties will probably be discovered. 



Physiological/Biochemical Differences 

If we disregard the immunological problems, or assume that immunological tol- 
erance in xenotransplantation can one day be achieved, we still do not know 
whether the physiological mechanisms of the organ and its new host will be 
compatible. Very few data exist which would allow the accurate assessment of 
the physiological function of xenografts in man. The short survival times experi- 
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enced in most xenotransplation models to date have not enabled predictions to 
be made about metabolic compatibility between species. The function of multi- 
cellular organs and organisms depends on the ability of cells to communicate 
with each other, which requires a controlled basic metabolism which is universal 
in all mammals. Therefore, most metabolic activities, such as pH, osmolarity, 
organ blood flow, and cardiac output per unit, may have little impact on the 
results of xenotransplantation [14]. 

These basic metabolic characteristics will remain similar in different mamma- 
lian species, however, only through the controlled growth and organization of 
communication through cell-to-cell contact. The secreted messenger molecules 
must be compatible with the receptor of the target. This humoral “concert” 
involves myriad signal molecules, with most being species-specific proteins. 
Because of their potent action, the activated molecules (once they have fulfilled 
their function) have to be destroyed, again by a species-specific inhibitor. Some 
signals, such as neurotransmitters, cooperate only with the adjacent cell, while 
others, such as hormones and cytokines, circulate in the bloodstream. Due to 
their individual receptors, parenchymal cells respond differently from, for exam- 
ple, lymphoid cells to the same signal [20]. Examples of such signals are neuroin- 
testinal hormones and interleukins. Responses to these may change not only 
from parenchymal to lymphoid cells but from species to species. 

For the transport of many of these molecules, and because of their variable 
solubility, binding and transport molecules are needed, which are also species- 
specific and have to be secreted by a “compatible” liver. Due to the extremely 
fast evolutionary rate of these phylogenetically “modern” molecules, large differ- 
ences exist between species. [21]. Such variations and lack of suitable transport 
molecules could nullify the action of hormones in a xenogeneic environment. 

Selected examples of physiological and biochemical variations between spe- 
cies include blood viscosity, blood groups, liver metabolism, enzymes, and hor- 
mones. 



Blood Viscosity 

Blood viscosity varies from s.pmPa/s in pigs to 4.7mPa/s in humans and dogs to 
3.4 mPa/s in rabbits. Viscosity depends on the various blood components, includ- 
ing total protein and the size and number of red (RBCs) and white blood cells 
(WBCs). The numbers of RBCs and WBCs vary significantly between species. 
It has also been demonstrated in perfusion experiments that the size of the for- 
eign RBC can be critical and can interfere mechanically with the microcircula- 
tion. Hematocrit comprises 30 % of blood volume in pigs and 40 % in man. 
Due to the increased viscosity of human blood, a reduced hemoperfusion of 
pig organs has to be expected. This would be especially critical for coronary 
blood flow [22]. 
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Blood Groups 

The blood groups of most domestic animals have been studied [23] and more 
closely resemble the rhesus system than the ABO system of humans and pri- 
mates. However, human anti-ABO antibodies seem to play no role in the rejec- 
tion of pig organs. 



Liver Metabolism 

Livers of different animal species exhibit differences of metabolism. For example, 
the highest concentrations of serum cholesterol are typically found in humans, 
(at 200 mg/100 ml). Cholesterol levels are extremely low in pigs (45 mg/iooml), 
while in dogs, horses and cattle (at approximately 90 mg/100 ml) and sheep (at 
64 mg/100 ml), concentrations are in the middle range. Blood sugar levels are 
similar in man and pig (at 80-100 mg/100 ml) but lower in sheep and cattle (at 
30-60 mg/100 ml). Lipase levels differ between man and rat and man and pig 
by 46% and 28%, respectively. Apolipoprotein concentration in man differs by 
40 % from that in the pig and rat. Albumin levels differ significantly even 
between humans and primates [24]. 



Enzymes 

All highly developed animals possess innumerable proteolytic enzymes which 
interact in a species-specific fashion. A mammalian liver, whether transplanted 
or not, is able to produce about 2500 enzymes, which are released mostly as pre- 
cursor molecules or proenzymes, to be activated by other active enzymes, hor- 
mones or peptides. Their tissue specificity is highly expressed and they are 
well known as isoenzymes. Because of this specificity, isoenzymes may not func- 
tion adequately in a transplanted organ. Organs from different species show vary- 
ing combinations of enzymes. Fetal tissue can contain enzymes and isoenzymes 
which barely function even in adults of the same species. In addition, isoen- 
zymes differ in substrate specifity and inhibitory behaviour [25]. 

Enzymes need careful control. Most have stereospecific characteristics and 
qualities. If they do not build a coherent system in which to function (in 
which they are interdependent), the total effect of their activities can be chaos. 
Extracellular enzymes are highly discriminative. Each enzyme catalyses only 
one type of reaction and is active for only one of the numerous substances in 
the body [25] (Fig. 3). 

To what extent these mechanisms might upset the metabolism of the xenograft 
recipient is unknown. However, studies on the renin-angiotensin system show 
that such enzyme cascades can be incompatible between species, even within 
the rodent family. The effect of foreign enzymes on the circulation and metabo- 
lism of an animal cannot be predicted [26]. 

Extensive cross-reactions among enzymes have been observed in 12 species, 
including primates and pig. The many analogous enzymes with similar substrate 
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Fig. 3. Species-specific interactions during enzyme activation and inhibition 



specifity show considerable variation between different animal species in regard 
to their electrophoretic mobility. A range of immunological cross-reactions 
occurs in closely related species, especially primates, and even greater degrees 
of antigenic diversity are found between widely divergent species. In the case 
of alkaline phosphatase, immunological cross-reactions occur even between 
members of one zoological family [27]. 

Proteolytic enzymes have many physiological functions (starting with general 
protein digestion), ranging from activation of complement and blood coagula- 
tion, and extending to the release of hormones and pharmacologically active 
peptides and their precursor molecules. Underlying all functions, however, are 
specific and multivarious control mechanisms. If uncontrolled, such enzymes 
can destroy the protein components of the cells and tissue, as is reflected in 
the hyperacute rejection that occurs between widely divergent species [28]. 

During phylogeny and ontogeny, changes in amino acid sequence, three 
dimensional structure, and even enzymatic reaction, indicate the existence of dis- 
tinct families of these proteins. 

In addition, changes in molecular structure bring about variation in species- 
specific inhibitors. Proteases are believed to have arisen in the earliest phase of 
biological evolution. In the course of evolutionary development, they have 
adapted from having a purely digestive function to become complex physiologi- 
cal regulators. Their heterogeneity (despite enzymatic specificities), their onto- 
geny and tissue differentiation are of wide biological influence. Their tissue spe- 
cificity is highly expressed and well known (as isoenzymes). Most of the different 
organs and tissues in adult vertebrates show a characteristic distribution and 
activity of enzymes. This individuality not only differs in organs but also changes 
during ontogeny. Fetal tissue can contain isoenzymes that barely function in 
adults of the same species [29]. The embryonic form of lactate dehydrogenase 
(LDH) in cattle, for example, develops in a unidirectional way into the adult 
form, whereas in rabbits and pigs embryonic LDH remains well represented at 
all stages of ontogeny. 
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Another example is provided by ovine embryos, which are less well oxygenated 
than rabbit or cavian (guinea pig) embryos. This is reflected in the embryonic 
isoenzyme status and the A- and B-type contributions of the subunit of LDH, 
which indicate an indirect effect of oxygen on the biosynthesis of LDH [30]. 

Carboxylesterases exhibit the most extensive multiplicity of all of the esterases 
in vertebrate tissue, and show considerable species variation with respect to the 
electrophoretic properties of the isoenzymes, their tissue distribution, degree of 
multiplicity and, therefore, immunogenicity. Carboxylesterase type 5, for exam- 
ple, exists in two forms in pig, sheep, horse, ox and possum (with molecular 
weights of 80 000 and 160 000) but only as one isoenzyme (with a molecular 
weight of 80000) in the guinea pig and rat [31, 27]. 

Catalase may be the most extensively investigated enzyme. It exists as five 
major isoenzymes in such species as horse, rat and rabbit, whereas most other 
mammalian species display only a single form of catalase. Its distribution in 
the cell and subcellulaf organelles in various species varies as markedly as its 
activity. Catalase exists at a low level in the early stages of postneonatal develop- 
ment, but increases during sexual maturation and reaches a maximum in the 
adult male. 

Such multiplicity and heterogeneity, overlapping with substrate specificity, is 
probably common to most enzymes in the form of primary or secondary modi- 
fications of protein structure and therefore of immunogenicity. Only forms which 
are not involved in such differences are likely to function in an undisturbed 
manner in a foreign host. 

Variations in physiological function reflect the degree of divergency of the 
species and also the pressure of “selection” in particular biological environments 
and, furthermore, specific developmental events in vertebrate animals. It should 
be emphasized that the activators and inhibitors of enzymes probably show simi- 
lar species differences. Their functions, however, have not been explored and are 
poorly understood. 



Hormones 

The spectrum of steroid hormones seems to be biologically similar in all mam- 
mals, but these molecules occur in different concentrations [32]. A few species 
need specific steroid hormones. For example, horses require species-specific ster- 
oid metabolites, such as equilin or equilinin. However, the synthesis (and prob- 
ably the metabolism) of steroid hormones is almost the same in all vertebrates. 
Hormone-binding proteins, however, are not present in all species. Where they 
exist, they seem to be specific transport molecules [33]. 

The situation is totally different for peptide hormones. Members of this group 
can vary from tripeptides to polypeptides of 100 amino acids and more. Their 
fast action is regulated by similarly fast inhibitors. In most cases, both peptide 
hormones and their inhibitors are species-specific (Fig. 4). The peptide molecule 
released and activated from the prehormone by a releasing factor must exist in a 
stable form and fit its receptor, this latter requirement being necessary for spe- 
cific cellular functions and membrane expression. Add to this the specialisation 
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of the target cell, the complex chains of intermediate molecules and enzymes 
which have to be integrated to effect a satisfactory result, and one can appreciate 
how even one disparate factor can disrupt such a sequence [34]. 

Growth hormones differ between primates in their amino acid sequence by 
only 2 %, between man and whale by 34 %, between man and pig by 19 %. Power- 
ful evidence of this incompatibility is provided by the fact that the growth factors 
of one species will not function on an organ of another. It must be remembered 
that antigenic determinants of growth factors may comprise only a few amino 
acids, and that the sequence may not include that part of the molecule respon- 
sible for biological activity. Nevertheless, it is antigenic even in closely related 
species. 

The measurement of locally produced xenogeneic hormones circulating in 
blood is unlikely to be rewarding. It could reflect nothing but a trivial spillover 
from the xenogeneic site of action. It poses the question as to whether hormones 
released from a xenograft are physiologically meaningful. We do not know 
whether a single hormone can act at different sites within a xenogeneic organism 
or whether it has different local functions, some possibly unphysiological or even 
pathological. 

The function of growth hormone is not only to control body and organ 
growth, but also to influence the metabolism of protein, carbohydrates and fat. 
Experiments show that transgenic mice carrying bovine or porcine growth hor- 
mone gene constructs develop into giant mice [35]. The gene products are not 
recognized as foreign due to neonatal tolerance, and no immunological reaction 
occurs. However, there is no downregulation by physiological inhibitors, thus 
leading to the overproduction of a functional molecule which is associated 
with marked nephropathy (obsolescence of numerous glomeruli, massive dilata- 
tion of the renal tubules) and liver hypertrophy. Fifty percent of the animals die 
from malignancies. However, bovine growth hormone does not function in 
humans. This raises the question of whether transplanted xenogeneic fetal or 
adult animal organs would grow satisfactorily or, conversely, become giant organs 
under the influence of human growth hormone [36]. 
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To function, most hormones require a releasing factor which is species-speci- 
fic, as is the subsequent releasing inhibitor. Releasing factors produced by foreign 
cells induce reduced receptor binding and hormone liberation. Releasing factors 
are similar between some species, but different between others. The corticotro- 
phin releasing factor, for example, is identical in man and rat, but differs by 
25 % between man and sheep. Encephalins from man and pig also differ by 
25 %. Growth hormones in man are identical with 98 % of those in primates, 
81% in pigs, and 61% in rats. 

Purified thyroglobulins (TG) from man cross-react to various degrees with 
those of other mammalian species and also those of reptiles, but to a lesser 
extent with avian types. Sheep and pig TGs (both ungulates) are more closely 
related than others. In order to inactivate rabbit anti-sheep TG-antibodies in 
vitro, a 200-fold concentration of reptilian TG is needed as compared with 
sheep TG. Rabbit TG, in contrast, is less effective than python TG. To inactivate 
rabbit anti-pig TG-antibodies, however, all the TGs are equally effective. This 
apparent inconsistency indicates the complexity of the correlation between phy- 
togeny and the molecular evolutionary history of proteins [37, 38]. 



Immunological Differences 

Immunological differences are clearly another obstacle to successful xenotrans- 
plantation. The heterogeneity, different avidity and affinity, and variable specifi- 
city of preformed natural antibodies, for example, depend on the antigenic rela- 
tionship of donor and recipient. The interaction of preformed natural antibodies 
from one species with the complement from another can cause dysfunction or 
extreme opsonisation of transplanted tissues. 



Preformed Natural Antibodies 

Preformed natural antibodies (PNAb) trigger the activation of endothelial cells 
(EC) [39-41]. Recent work has described carbohydrate epitopes on EC as the tar- 
get of PNAb [42-45]. Calculations have, shown, however, that only approximately 
1% of immunoglobulin molecules bind to these carbohydrate epitopes [46, 47]. 
Most xenogeneic antibody types, such as hemagglutinins, cytotoxins, etc., are 
eliminated through absorption by red blood cells or whole organs, but EC absorb 
only a small number of PNAb [48]. 

Reduction of PNAb by plasmapheresis, isovolemic hemodilution, or immu- 
noadsorption delays the typical hyperacute rejection (HAR) [49-52]. Newborn 
unsuckled piglets, not yet possessing PNAb, are able to reject dog kidneys hyper- 
acutely [53]. PNAb bind to EC and other structures, such as xenogeneic corneas, 
myocytes and hepatocytes and lyse the targets. Again, some exceptions exist. In 
vitro, only 50 % of EC are killed while the rest are activated to produce large 
amounts of typical mediators [54]. 

PNAb are involved in the triggering of HAR, though their primary target is on 
the vascular endothelial cell. Their possible impact on parenchymal cells, how- 
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ever, has not been well investigated and is poorly understood. In spontaneously 
beating cardiomyocytes from neonatal rats, PNAb (in the sera of man, pig and 
other species) induce a stereotypic pattern of altered contractility with a tempor- 
ary halt in beating for a few minutes. An experimental series performed with 
human serum proved that the break in contractions could be prevented by the 
prior absorption of PNAb but not by complement inactivation. The cessation 
of beating could be overcome by a big increase in the extracellular concen- 
tration, but not by extracellular electrical stimulation. After spontaneously 
resuming contractility, the cells of the syncytial monolayer then beat asynchro- 
nously for at least 12 h. The main electrophysiological effect of PNAb is an 
enhanced excitation threshold, so that temporary intracellular electrical stimula- 
tion is no longer sufficient to elicit action potentials [55]. 

In contrast to PNAb, antibodies specifically induced against fractions of fetal 
rat cardiomyocytes stop the contractions of beating cardiomyocytes within less 
than 30 min and lead to cell lysis. 

Thus PNAb reduce the electrical excitability of beating cardiomyocytes by 
binding to the cell surface membrane. This lowering of the excitation threshold 
results from a general reduction of excitability of the myocytes rather than from 
the inhibition of a specific ionic conductance. PNAb and antibodies induced spe- 
cifically against fetal rat cardiomyocytes have totally different actions on par- 
enchymal cells, i.e., beating cardiomyocytes. While PNAb, which are primarily 
IgM, inhibit the contractility of beating cardiomyocytes, antibodies induced spe- 
cifically against fetal rat cardiomyocytes, which are IgG, are cytotoxic. The effects 
of these different antibodies will have an important impact on xenogeneic cardiac 
grafts between widely divergent species [56]. 



Complement 

The complement cascade is currently one of the most intensively studied 
mechanisms involved in hyperacute rejection. This system of proteinases is acti- 
vated by the classical, or more commonly the alternative, pathway in a complex 
loop, with many triggering factors and multiplying proteins, such as factor B or 
properdin. The activity of the system is controlled by species-specific factors and 
inhibitors [57]. Cobra venom factor activates the alternative pathway and depletes 
the levels of C3 and factor B, with loss of function of both the classical and alter- 
native pathways. (The early part of the classical pathway is, however, not affected 
by CVF [58]). 

Complement regulatory proteins (CRP), such as decay-accelerating factor 
(DAF), membrane cofactor protein (MCP), and protectin, have species-specific 
functions. They protect against complement-mediated injuries, but only in the 
same or closely related species. In the case of widely divergent xenografted 
organs, these protective mechanisms are absent, and complement is able to 
induce hyperacute rejection. 

The approach of transferring human genes for these CRP into donor species, 
and breeding transgenic animals expressing human DAF, MCP, or both, on their 
EC, has prolonged survival time of the xenografted organ by decreasing comple- 
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ment activation. However, all other systems, such as those involving adhesion 
molecules, interleukins and antibody binding, remain unchanged. Transgenic 
animals expressing CRP on the surface of cells (mainly endothelial cells) are 
described as being viable and functional, maybe because in addition they con- 
tinue to carry their own species-specific molecules. Knock-out mice deficient 
in adhesion molecules, in contrast, are prone to be infertile. 



Interleukins 

Differences in interleukins between species are also expected to cause problems. 
These proteins vary considerably, even between animal species of the same order. 
Although bioassays can detect interleukins, they often cannot be recognized by 
enzyme-linked immunosorbent assay (ELISA). With regard to function and anti- 
genicity, interleukins are usually incompatible beyond the taxonomic level of the 
order (for example, between humans and dog, sheep or pig) [59]. 



Adhesion Molecules 

Leukocytes are equipped with receptors for adherence to vascular endothelium. 
The receptors are responsible for the homing and recirculation of leukocytes 
to different (lymphoid) organs [60]. New molecules of this category (not always 
with clearly defined functions) are detected at intervals. Human integrins are one 
protein family that have a relatively broad distribution. Their function is not spe- 
cific and they show a striking diversity [61]. Studies of other species have 
revealed multiple related but distinct adhesion molecules, some of which have 
no homologue in the human species. 

Since their interactions are likely to have an important influence on cell inte- 
gration and the microcirculation in the postcapillary venules, they are probably 
responsible for triggering parts of the blood clotting system. It has to be 
assumed that they also produce microcirculatory disturbances with systemic 
hemodynamic effects, and therefore need to be intensively investigated [62, 63]. 



Cytokines 

Cytokines are extremely potent factors produced by a number of cells, such as 
EC, leukocytes and fibroblasts, whose multiple functions are not limited to the 
immunological system. In contrast to immunoglobulins, they are not antigen spe- 
cific. They act either in an autocrine or paracrine fashion, and are in most cases 
species specific. Interleukin (IL)-i, as an example of this type of protein, is 
known to participate in a variety of immune and inflammatory reactions, and 
also has many functions outside the immune system. In some species, such as 
mouse,rabbit and pig, IL-i is represented by an a and (3 form, with a homology 
of 60% and 70%, respectively, between the species [59]. These two distinct poly- 
peptide chains are species specific and are different, for example, between man 
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and mouse by 38 % and 77 % of the amino acid sequence in each chain. Despite 
this difference, their function remains the same. Such conservation of bioactivity 
is also documented for TNF-a and P [64]. 

Many reports suggest that a variety of IL-i-responding target cells possess spe- 
cific IL-i receptors in quantities ranging from 100 to 5000 receptors per cell. 
Therefore, different IL-i concentrations initiate different biological responses. 
The homology between man and mouse IL-i indicates that cytokines existed 
before human/mouse speciation and that there was (and is) a strong selective 
pressure for continuance of different functional genes with similar bioactivity. 
There exist, however, monoclonal antibodies that are able to identify the different 
molecules, a process which would occur after xenogeneic immunization following 
xenografting. Precursors of IL-i are not biologically active but are antigenic, a 
similar situation to insulin and preproinsulin. 

Pig thyrocytes carry receptors for IL-ip. Human recombinant IL-iP is able to 
bind to these porcine receptors with a capacity of 822 molecules per cell, while 
the capacity of human IL-ip to bind to receptors on human thyrocytes is 
2000-6000 molecules per cell. The function of the pig thyrocytes is not markedly 
changed by human IL-ip. In contrast, human IL6 cannot act on pig cells [64]. 



Ekosanoids 

Eicosanoids, derived from various precursor fatty acids, play a key role in regu- 
lating hemostasis, and are not species-specific. Their interaction with the 
endothelium has a significant impact on blood coagulation [65]. Modulation of 
their synthesis capacity and downregulation, as well as the regulation of recep- 
tors, are important mechanisms in vasoconstriction during hyperacute rejection. 
Eicosanoids available locally have a short but strong biological activity and have 
to be inactivated quickly. Their role is comparable in all mammals, although 
metabolism, localization in tissues, and interaction with other mediators might 
differ. 



Blood Coagulation 

Most of the biochemical mechanisms mentioned above contribute to blood clot- 
ting, which is the final event of hyperacute rejection. Blood clotting is one of the 
most primitive requirements for the survival of mammals. It is responsible for 
the preservation of vascular integrity, i.e., hemostasis. The activation of the 
extrinsic and intrinsic coagulation protease cascades is mediated by cells expres- 
sing tissue factors (TF) [66]. There is a high-affinity receptor for factor Vila and, 
as a consequence, also for factors IX and X. Human, murine, and rabbit TF mole- 
cules show only small degrees of conservation. Also, their tissue distribution var- 
ies, with the highest levels of functional TF being in the brain and the heart. 
Despite significant conservation, differences exists between rabbit and man 
(71 %) and between man and mouse (58 %). The mouse is much less efficient 
at forming catalytic binary complexes with human factor VII than is man. 
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An intensive study of the coagulation system is important for xenogeneic 
transplantation. In several species it has been demonstrated that most coagula- 
tion factors, and the balance between specific factors and inhibitors, are not 
the same as in humans. Surprisingly, the hemostatic system in the pig is very 
similar to those of both adult and fetal humans. In contrast, in species such as 
the rabbit and dog, the coagulation system is immature at birth and has many 
important differences from that of man [67]. The coagulation systems in closely 
related species (such as hamster and rat or within primates), however, seem to be 
similar. Clotting occurs after xenogeneic transplantation of a hamster liver into a 
rat, indicating that the clotting proteins of both animals interact [68, 69]. 



Kallikrein 

Plasma and tissue kallikrein can be involved in blood clotting and in the comple- 
ment system. Kallikrein varies greatly among mammals and has changed rapidly 
during mammalian evolution. However, some of the primary determinants of this 
serine protease are conserved between species, including man and pig. The 
action of tissue kallikrein depends on its organ localisation. Its function and 
its species-specific action at multiple sites of regulation are not clearly under- 
stood. In xenotransplantation, deregulation would have many side effects, 
because such chemically controlled systems are characterized by a great diversity 
of signals, a shorter or larger reaction time, and less precise connections than 
those provided by species-specific molecules [70]. 



Fibrinopeptides 

Fibrinopeptides are proteolytically removed by thrombin from fibrinogen, form- 
ing the insoluble fibrin gel at the end of hyperacute rejection. There exist clear 
differences in the amino acid sequences involved in this process even between 
rather closely related species. Since the cleavage is limited to special amino acid 
combinations, this procedure is species specific, as indicated by the rapid interac- 
tion that occurs only between fibrinopeptides and homologous thrombin [71]. 



Superoxide Dismutase 

In most experiments in which xenogeneic blood has been used, blood clotting 
has had to be prevented by the use of heparin. Heparin leads, however, to a 
prompt increase in extracellular superoxide dismutase (EC-SOD). Endothelial 
cell surfaces are the likely source of the released enzyme, which has the function 
of protecting against superoxide radicals in the extracellular space. Superoxide 
radicals are major molecules produced during hyperacute rejection and reperfu- 
sion. This complicated process varies much between species. Even the pathogenic 
importance of extracellularly formed superoxide radicals may differ considerably 
between species. 
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With the wide diversity of EC- SOD in the vascular systems of mammals (with 
regard to the total amount, division into fractions, and distribution as soluble or 
endothelium-fixed forms), it is not surprising that EC-SOD from pig, cat, rabbit, 
guinea pig and mouse have been found to be heterogeneous with regard to 
heparin affinity. Very large interspecies differences in EC-SOD activity have 
been documented. The reason for this heterogeneity is unknown [72]. 



Circulating Xenogeneic Proteins 

Even if enzyme and hormone incompatibilities could be overcome, the problem 
of circulating foreign antigens released from the xenograft would remain. Various 
experiments show that within a short time, even under immunosuppression, 
antibodies are produced (a) against the foreign y-globulins, (b) in the form of 
hemagglutinins and hemolysins against erythrocytes, or (c) in the form of cyto- 
toxic antibodies against white blood cells, especially lymphocytes. Antibodies 
will also probably be produced against species-specific hormones and enzymes. 
Suppression of such reactions has not been attempted. 

Class I and II antigens vary considerably between different species, even 
between closely related primates. After xenotransplantation, these antigens are 
shed into the circulation. If the soluble forms of these molecules or receptors 
play a part in xenogeneic rejection, further investigation will be required. 



Comment 

Today, possibly on the eve of successful clinical xenotransplantation, at the begin- 
ning of the xenogeneic era, only simple and, in most cases, single, observations 
in the fields of comparative physiology, biochemistry, and even anatomy, have 
been made. In addition, only few data are informative enough to hint at the 
effects that differences between donor and recipient will have on the patient, 
especially their influence on survival time. 

In the pig- to -primate model, little convincing organ function has been 
achieved. The hope that transgenic manipulation of one or several factors can 
lead to success remains to be proved. Today’s approaches are not convincing. 
Even if multiple factors can be knocked out, transferred or modified, the remain- 
ing myriad donor-specific characteristics, with all their consequences and prod- 
ucts, will remain. As much as the application of xenografts is desirable, the prob- 
lems seem many and perhaps insoluble. Intensive research in this field may lead 
to surprising, and as yet unforseen, solutions which might overcome the fail-safe 
and redundant mechanisms which nature has developed to protect the individual 
from “non-self.” The perfection of these potential solutions will be a major 
undertaking. We have set ourselves a difficult task - we have to outwit evolution. 
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Introduction 

The use of tissues of nonhuman origin in humans expands the spectrum of 
infectious diseases confronted in allotransplantation to include diseases derived 
from other animal species. Concerns have been raised about the potential for 
the introduction of zoonotic diseases into the transplant recipient and into the 
general human population. This concern is based, in part, on experience with 
the human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome 
(AIDS) pandemic and on heightened interest in novel or “emerging” infectious 
diseases. Questions of public health risk include evaluation of the potential for 
the introduction or development of previously unknown human pathogens into 
the general population via xenotransplantation [i-6]. 

The major “source” animals under consideration for use in organ procurement 
for xenotransplantation are non-human primates and swine. While this discus- 
sion will include specific reference to these species, it is possible to frame general 
criteria and approaches which are relevant to all potential “donor” species. 

The terms “xenosis” and “xenozoonosis” have been proposed to describe these 
unique xenogeneic infections: xenograft-derived infections with infectious agents 
of animals that are not recognized to cause human infection under natural con- 
ditions [i, 7]. Particular concerns have been expressed regarding the inadvertent 
spread of novel pathogens from the individual xenograft recipient into the 
human population [6, 7]. The development of a scientific basis for substantiating 
and quantifying any infectious risks associated with xenotransplantation is pos- 
sible during the process of addressing the immunologic road blocks to successful 
clinical xenotransplantation. 



Infection in Allotransplantation as a Model for Xenogeneic Infection: 
Likely Pathogens 

Risk of Opportunistic Infection 

Successful allotransplantation requires a balance between the immune suppres- 
sion needed to maintain graft function and the risks of opportunistic infections 
and cancer posed by that level of suppression. The risk of opportunistic infection 
in the transplant recipient is a function of the infectious burden and the “net 
state of immune suppression.” The infectious burden includes such factors as 
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the native virulence of a potential pathogen(s), the quantity of the organism(s), 
and the route of exposure. The net state of immune suppression is a function of 
all factors - pharmacologic, immunomodulatory viral infections, metabolic fac- 
tors, or underlying anatomic defects - which contribute to the host’s susceptibil- 
ity to infection. Until strategies for the induction of tolerance (specific immuno- 
logic unresponsiveness) to xenogeneic organs are perfected, immune suppression 
will continue to be needed to maintain graft function. Interspecies transplanta- 
tion will likely require a level of exogenous immune suppression greater than 
that currently used for allotransplantation. As a direct result, the risk of oppor- 
tunistic infections and cancers classically associated with allotransplantation may 
be enhanced following xenotransplantation. 

The risk of opportunistic infection in xenotransplantation may also be 
increased due to the introduction of organisms normally not associated with 
human disease (xenosis) directly into the human host [i]. The basis for this 
increased risk may include: (a) organisms not routinely culturable or identifiable 
in clinical laboratories, (b) the absence of serologic or other microbiologic tests 
for these organisms, (c) the development of novel clinical syndromes due to the 
involvement of novel pathogens and the impact of alterations in host responses, 
(d) the potential for changes in the organism (at the molecular level) and/or in 
the biologic behavior of the organism due to mutational “adaptation” or recom- 
binational events within the human hosts, (e) the lack of need for vector-based 
transmission of common zoonotic pathogens, and (f) the absence of preexisting 
immunity in most humans to many animal-derived pathogens [2]. 

A meaningful measurement of the likelihood that specific organisms derived 
from a source species will contribute to human disease in the xenotransplant set- 
ting is an uncertain process at best. However, some predictions can be based on 
four criteria for the organisms likely to cause disease in humans: (1) organisms 
known to cause human infection under natural conditions (the zoonoses, such as 
Toxoplasma gondii), (2) organisms thought likely to cause infection based on 
similarity to organisms causing infection in clinical allotransplantation, (3) 
organisms of broad host range or thought likely to be able to “adapt” to the 
human host, and (4) organisms known to be capable of establishing replicative 
infection in human cell lines in vitro. 



Early Infection 

The organisms associated with opportunistic infection following allotransplanta- 
tion can be divided into categories based on the time elapsed from surgery and 
the level of immune suppression needed to maintain graft function [8, 9]. In the 
first month following allotransplantation, bacterial, fungal, and parasitic infec- 
tions, both nosocomial and graft-derived, predominate. Many of these organisms 
are common to most species (Staphylococcus aureus, streptococci, Klebsiella 
species, Escherichia coli) while others are species specific. These common patho- 
gens do not pose a unique health risk to either the individual or the community. 
However, diseases due to novel microbial species which are not routinely cultured 
by clinical laboratories, or due to common organisms in the setting of altered 
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host responses, may go unrecognized and diagnosis may be delayed - a critical 
event in immunocompromised patients. Infection will complicate and further 
amplify any technical difficulties related to surgery, e.g., hematomas, lympho- 
celes, indwelling catheters, or pulmonary atelectasis. 



Late Infection 

In the period from i-6 months post-allotransplant, particularly during steroid or 
antilymphocyte treatments for acute graft rejection, the customary infections in 
the immediate postoperative period are replaced by common parasitic and fungal 
pathogens (Pneumocystis carinii, Toxoplasma gondii. Cryptococcus neoformans) 
and less common bacterial agents (mycobacteria, Nocardia, Listeria, Legionella 
sp.). In addition, latent viral infections released from host immune control fol- 
lowing immune suppression may have a great impact. Most of these viruses 
have immunomodulatory effects and have analogs in nonhuman species [lo, 
ii]. These viruses (cytomegalovirus, CMV; hepatitis B and C; herpes simplex 
virus, HSV; Epstein-Barr virus, EBV) may cause systemic clinical syndromes 
(e.g., the “mono” syndrome). In addition, they are globally immunosuppressive 
and may contribute to the development of other life-threatening opportunistic 
infections (e.g., Pneumocystis pneumonia. Toxoplasma encephalitis) and to the 
development of graft injury and rejection. Analogous animal- derived viruses, if 
present in the xenograft, may be expected to be activated by immune suppres- 
sion, ischemic injury, and/or graft rejection. Whether these non-human viruses 
can infect the recipient host tissue, can cause disease in the recipient, and/or 
will be transmitted from the xenograft recipient to other humans, in addition 
to infecting the tissues of the xenograft, must be defined on a virus-specific 
basis. Such factors as the nature and presence of the viral receptors in the 
human host, or the requirement of the virus for specific host-derived, cellular 
factors for nucleic acid transcription or replication, may determine the infectivity 
and virulence of viruses spread between species. 

Each species that has been studied has similar persistent cell-associated 
viruses, often carried in a latent state by a high proportion of individuals within 
that species. These include, most prominently for this discussion, the herpes- 
viruses and retroviruses, but also may include hepatitis viruses, adenoviruses. 
Pseudorabies and rabies viruses, reovirus, papovavirus, and others. Whether 
and to what extent most non-human viruses pose a risk for human infection 
and disease is largely undefined. Human infections have been documented 
with simian immunodeficiency virus (SIV) and Cercopithecine herpesvirus i 
(B virus) [12-13], and infectivity for human cells (and, possibly, humans working 
with nonhuman primates) has been demonstrated with primate foamy virus [14]. 
Infection of human neuronal cells in vitro with porcine pseudorabies has been 
detected [15]. Interspecies transmission of a number of viruses has also been 
identified in other model systems [12, 16-22]. 
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Alterations in Viral Pathogenesis 

Under immune suppression, in addition to clinical reactivation of latent virus 
infections, prolonged carriage and shedding of viruses normally associated 
with self-limiting acute infections may occur. For example, prolonged infection 
with, and shedding of, influenza virus has been documented in immunocompro- 
mised hosts, with the accumulation of viral mutants over time [23, 24]. The accu- 
mulation of viral mutants is accelerated in influenza virus, which has a propen- 
sity for rapid evolution surpassed only by HIV. However, such an accumulation 
of viral mutants will occur whenever immunosuppression allows persistent viral 
replication. As a result, the viral population shed late in the course of any persis- 
tent viral infection may have different biologic characteristics from the progeni- 
tor viral variant that originated the infection. 

Temporal modulation of viral virulence in association with the evolution of 
viral variants has not been well studied in the setting of immune compromise. 
However, viruses shed late in the course of an infection, or following passage 
through a host or tissue, have often been observed to have attenuated pathogeni- 
city compared with wild type. If this attenuation of pathogenicity over time is a 
consistent phenomenon, the risk of disease resulting from human-to-human 
transmission of xenoses may decrease over the duration of sentinel human infec- 
tions, even if transmissibility persists. 

While virulence may decrease over time and passage, the potential for other 
viral alterations, with clinical and epidemiologic implications, may accrue. RNA 
virus polymerases and reverse transcriptases lack the editing precision of DNA 
virus polymerases; as a result, mutations accumulate more rapidly in RNA viruses 
(such as influenza or retroviruses) than in DNA viruses [25, 26]. These mutations 
may be detrimental to viral survival or may encode altered viral behavior. In 
large populations of viruses, mutants may emerge based on new biologic charac- 
teristics which are advantageous to viral persistence, or due to selective pressure 
such as pre-existing immunity or antiviral antibiotic exposure. 

Viral antigens or tissue specificity may be altered by recombination (i.e., gene 
reassortment) between human and animal strains during passage in other spe- 
cies. Viruses resulting from antigenic recombinations may have a selective 
advantage in circumventing preexisting host immunity to species-familiar anti- 
gens. For example, the influenza A strain responsible for the 1917-18 human pan- 
demic (“Spanish flu”) was antigenically homologous to strains usually infecting 
swine; the variant of influenza A associated with a 1980 harbor seal die-off con- 
tained antigens usually present on avian influenza strains [27]. 

Antiviral therapy has been documented to result in shedding of drug-resistant 
viral variants of HSV-2. When antiviral pressure is removed, the shed virus may 
revert to the antiviral-sensitive wild type, or the antiviral resistance may persist. 
Thus, in the setting of persistent viral shedding in the immunocompromised 
host, antiviral therapy may result in the development of viral variants with 
clinical and epidemiologic implications for other infected humans I24, 28]. 

Endogenous retroviruses are presumed to represent exogenous viruses that 
became permanently integrated into the host germ line of most, if not all, mam- 
malian species during the course of evolution. These are then transmitted verti- 
cally. They are thought to be benign in the host species, but may be xenotropic (able 
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to infect other species). Sequencing of baboon endogenous virus, a xenotropic 
endogenous retrovirus present in all baboon cells, suggests that it is the chimeric 
result of recombination events that occurred during viral evolution [29-31]. Such 
observations raise questions regarding the potential for recombination or com- 
plementation of xenograft-derived endogenous retroviruses with viruses present 
in human tissues. 

The extent to which selective pressures favoring mutant or recombinant 
strains may occur in human hosts following transplantation is unknown. For 
this reason, xenotropic or defective viruses in the donor species cannot a priori 
be excluded as pathogenic risks for the human recipient. Many conditions asso- 
ciated with retroviral activation (e.g., immune suppression, graft-versus-host dis- 
ease, graft rejection, viral coinfection, cytotoxic therapy) are present in the trans- 
plant recipient [32-35]. The course of accidentally transmitted HIV-i infection 
has been accelerated in allotransplant recipients, and other xenogeneic retro- 
viruses may also exhibit decreased latency in the transplant setting [36, 37]. Con- 
versely, the manifestations of retroviral infection may be clinically inapparent, 
including altered gene regulation, oncogenesis, or recombination with other 
viruses. The activation of latent viruses and the development of clinical manifes- 
tations, if any, may be delayed for a decade or more. 

The oncogenic potential of viruses is recognized in the allotransplantation 
recipient beyond 6 months after transplantation. The roles of the immunomodu- 
latory human viruses in the pathogenesis of cancer, particularly EBV and lym- 
phoma, are well established. The oncogenic potential of animal-derived viruses 
introduced into immunosuppressed humans remains undefined. Because many 
of the retroviruses, particularly the oncoviruses, have long latency periods 
(one or more decades) the impact in humans of such viruses derived from ani- 
mals is unknown and unmeasurable. 



Novel Infectious Considerations in Xenotransplantation 

In contrast with the natural spread of zoonotic infection between species, the 
transmission of xenoses with viable tissues may be uniquely efficient. The xeno- 
graft itself may serve as a “culture plate” from which such organisms can spread 
in the human host, avoiding the need for a vector to achieve disease transmission 
[1]. The migration of cells from the graft to other sites in the host (chimerism) 
may carry cell-associated infection throughout the host even in the absence of 
true viremia or propagation of virus along nerve routes (as occurs with dissemi- 
nated herpesvirus infections). The history of human exposure to unsterilized bio- 
logic products (SV40 in vaccine, viral contamination of fetal calf serum) without 
recognized ill-effects is somewhat reassuring [38-44]. However, these may not be 
the most appropriate models by which to measure the infectious risks associated 
with xenotransplantation, where transplanted tissue may serve as a continuing 
nidus of infection, and where direct cell-to-cell interactions and the development 
of microvasculature bridging between the host and the xenograft may increase 
the efficiency of host infection. 

Human xenograft recipients are unlikely to have preexisting immunity to most 
animal-derived microbes, rendering them more susceptible to infection both with 
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zoonoses and xenoses, and increasing the probability that more severe disease will 
follow infection. This susceptibility is further enhanced by the impaired ability to 
mount protective responses after transplantation due to immune suppression. 

Latent viral infections, including a variety of exogenous and endogenous ret- 
roviruses and herpesviruses, have been identified in each of the animal species 
proposed as sources of xenografts. Up to 30 strains of retroviruses have been 
described in primates. The ability of most of these to infect and propagate in 
human tissues has been incompletely explored. However, the ubiquitous nature 
and genetic homologies of the primate retroviruses (SIV; simian T lymphotropic 
virus, STLV; endogenous viruses), and the ability of these pathogens to infect 
other species, suggests a potential risk for human infection. Retroviral infections 
of swine have been less throughly explored, and to date only type C retroviruses 
have been recognized in swine [45-48]. One porcine retrovirus isolated from a 
transformed cell line has been associated with the induction of B and T cell lym- 
phomas in wild boars [49]. Additional retroviruses from normal swine have been 
described recently (Fishman, unpublished data, R. Weiss unpublished data). The 
short life expectancy of the average domestic pig minimizes the opportunity to 
observe clinical manifestations, such as cancers, immunodeficiency states, or 
neurologic degeneration, that might result from infections with such retro- 
viruses, prions or other agents characterized by long periods of clinical latency. 
These and other known and unknown infectious agents present in xenografts, 
but not recognized as human pathogens under natural conditions, pose an 
unknown risk to humans under the conditions of xenotransplantation. 

The commercial production of animals, notably swine, which have been 
genetically engineered to lessen graft rejection raises questions of whether the 
genetic manipulations intended to minimize the rejection of xenografts may 
also influence the expression of latent infections or the presence of receptors 
for novel pathogens or alter the immunologic defenses against infections with 
xenogeneic pathogens [50]. Inserted or deleted transgenes may encode receptors 
for infectious agents [50, 51]. Natural antibodies that provide a major transplan- 
tation barrier to the use of vascularized organs from swine in humans may also 
be a part of an intrinsic defense mechanism against exogenous retroviral (and 
bacterial) infections [52-57]. Techniques which remove these antibodies may 
alter the risk of retroviral activation or other xenogeneic infections [58]. 

In the xenotransplant setting, the diagnosis and management of familiar zoo- 
noses may be complicated by immunologic manipulations that alter the clinical 
presentation of illness, the reliability of antibody testing, and the response to 
therapy. It is likely that the absence of appropriate diagnostic reagents will be 
a major impediment to clinical evaluation of the xenograft recipient. 



Approaches to the Development of Source Animals with Decreased 
Risk of Human Infections 



Clinical experience with recognized zoonotic pathogens exists, and diagnostic 
assays are available for their identification. Therefore, infections with these 
pathogens should be relatively preventable, and their occurrence should be iden- 
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tifiable. The use of closed and isolated herds, screened for likely pathogens will 
minimize the chance of graft-derived infections with known pathogens. Infec- 
tions may be more efficiently excluded from prospectively evaluated donor 
herds than from individual animals that are wild caught or raised in open 
herds allowing unregulated contact with other species. The development of 
closed, microbiologically well-characterized herds of source animals that are 
free of a list of selected organisms, or are “designated pathogen free” (DPF), 
will minimize the risks of transmission of both classic zoonoses and of new 
xenogeneic infections through xenotransplantation [2]. Such closed herds can 
undergo microbiologic screening using individual immunocompetent and/or 
immunosuppressed sentinel animals as representatives of the herd. It is impor- 
tant to recognize that the concept of DPF herds is narrowly focused, and the 
resultant protection incurred is relative. The significant gain in terms of disease 
prevention is made through the use of a healthy, microbiologically defined herd 
as opposed to a microbe free or “gnotobiotic” herd. A completely gnotobiotic 
herd is “organism free,” but tends to be less robust and more susceptible to dis- 
ease than herds of animals with normal microbiologic colonization, and is prob- 
ably unnecessary. Further, a closed herd which is free of designated known 
pathogens, will remain undefined in terms of most latent or unrecognized patho- 
gens with potential for infection in the human host. 

Many potential pathogens are identifiable by routine microbiological methods, 
and animals carrying such pathogens can be excluded as potential donors. 
Reagents (both serologic and nucleic acid-based) for viral agents of swine and 
primates are available primarily on a research basis, but are potentially adaptable 
for clinical use. The ability to develop diagnostic tests for clinical use and for use 
in screening potential source animals is central to defining the margin of safety 
that can be established for xenotransplantation. 

A variety of criteria can be used to develop microbiologic exclusion criteria to 
guide the development of source animal herds. Some of these have been dis- 
cussed previously, e.g., the exclusion of animals carrying organisms of broad 
host range or similar to those causing infection in allograft recipients [1, 2]. 
The exclusion criteria will vary depending on the species, the tissues, and the 
specific use for which the xenograft is intended. Such a species- and applica- 
tion-specific list of designated pathogens provides a basis for microbiologic 
screening of breeding colony herds, individual donor-animals, and/or xenograft 
tissues. The manner in which the level of safety created by the exclusion criteria 
and lists of organisms is achieved need not be uniform as long as the trans- 
planted tissues do not pose a known microbiologic hazard to the recipient. 
The risks of introducing antibiotic-resistant organisms can also be reduced by 
appropriate herd maintenance policies limiting the use of antimicrobial agents. 

The presence of acute infections in individual animals used to provide xeno- 
grafts can be monitored by: (a) herd surveillance indicating the presence or 
absence of infection in the herd from which the individual source animal is 
selected, (b) clinical examination and treatment of individual source animals, 
and (c) the use of appropriate individual animal quarantine periods accompanied 
by screening for the presence of clinically latent infections of concern. Microbio- 
logic isolation will need to be maintained during transportation of source ani- 
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mals to minimize the extent to which the protection insured by the closed breed- 
ing colony is compromised. Additional quarantine and screening may be neces- 
sary upon arrival at the clinical facility. Aseptic tissue procurement is impor- 
tant. 

All xenografts do not need identical handling or screening. For example, cel- 
lular transplants might be screened after isolation from the donor. Specific 
organs might merit unique considerations, e.g., for Mycoplasma species in lung 
xenografts or Coxsackie viruses in heart xenografts. 



Advantages of Xenotransplantation 

In addition to unlimited supply, xenogeneic organs may offer other advantages 
over allografting in specific settings. Animal-derived organs will exhibit spe- 
cies-specific resistance to infection by many common pathogens of human 
origin. For example, neither human hepatitis B or HlV-i appear to infect 
baboons in vivo [59, 60]. The ability of various CMV and herpes viruses to infect 
across species lines may be restricted [1, 61]. This species specificity may reflect 
the absence of receptors or cellular machinery necessary for viral replication in a 
novel host, and may be exploited to advantage in certain clinical situations. 
Resistance to CMV, EBV, HIV, and the hepatitis viruses would provide a unique 
therapeutic advantage to xenotransplantation over traditional allotransplantation. 
As a result, reconstitution of the immune system of HlV-i-infected humans via 
transplantation of baboon bone marrow and the transplantation of a baboon 
liver into an HlV-i-infected human with hepatic failure due to fulminant hepatitis 
B have been attempted [62, 63]. 



Public Health Issues in Xenograft Transplantation 

Xenotransplant-associated infections restricted to the recipient would constitute 
an additional factor influencing the risks and benefits of transplantation only 
to the individual. Zoonotic viruses that are not notably pathogenic in their 
host species have been agents of epidemic human disease. In these outbreaks, 
the first generation of human-to-human transmission has been from the patient 
to the medical staff or the patient’s family, with subsequent generations of trans- 
mission extending into the greater community. It is this undefined potential for 
epidemic human disease which raises public health concerns in association with 
xenotransplantation [7]. 

Life-long post-transplantation clinical surveillance of the initial xenotransplant 
recipients will be needed to monitor for events suggestive of xenogeneic infec- 
tion. The xenograft recipients must be willing to participate in such an enduring 
experiment. In addition, when xenogeneic agents of unknown pathogenicity for 
humans (e.g., baboon endogenous virus, primate foamy virus) are known or sus- 
pected to be present in the transplanted tissue, an active post-transplantation 
laboratory surveillance program directed toward the detection of sentinel 
human infections with these agents will be needed. 
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The pathogens responsible for the majority of common infectious episodes 
among the general population are never identified. Recipients of xenografts 
will remain at risk for routine community-acquired infections, complicating 
the assessment of potential xenoses. When the source of a significant illness 
remains obscure despite standard diagnostic testing, consideration of further 
diagnostic testing, infection control precautions, and additional investigations 
will be needed to determine whether xenogeneic infection can be identified. 
Post-transplantation testing of archived biologic specimens (tissues, leukocytes, 
and sera) from the source animal and the xenograft recipient may be indicated 
in response to a clinical episode possibly representing a xenogeneic infection. 
Such testing should be conducted in the context of a broader epidemiologic 
investigation in collaboration with appropriate public health authorities. Disease 
evaluations may require diagnostic tests based on nucleic acid detection or cell 
culture methodologies and other nonstandard techniques. These investigations 
may require consultation with persons experienced in the laboratory identifica- 
tion of unknown infectious agents, including the appropriate management of 
associated biosafety hazards. 

Healthcare workers and laboratory personnel who handle the animal tissues 
prior to transplantation will also be at risk of infection, albeit more limited. 
This risk will be definable and equivalent to that of commercial meat preparers, 
animal care, veterinary, or abattoir workers routinely exposed to the source ani- 
mal species. The risk to immunologically normal healthcare workers who provide 
direct or indirect care to xenogeneic tissue recipients post-transplantation is 
undefined but likely to be significantly less than for the immunocompromised 
host. Strict adherence to standard (“universal”) precautions will reduce the 
risk of transmission of xenogeneic infections as well as that of other blood- 
borne pathogens in the hospital setting. The need for additional infection control 
or isolation precautions (e.g., airborne, droplet, contact) in specific instances 
must be continuously assessed by the xenotransplant team, especially by infec- 
tious disease specialists and hospital epidemiologists. 

The introduction of xenogeneic retro- and herpesviruses into human hosts via 
xenotransplantation is a particular public health concern due to the uncertainty 
regarding their pathogenic potential and the long period of clinical latency typi- 
cal of these infections. These characteristics may allow for prolonged periods of 
silent human-to-human transmission prior to recognition of infection. The 
importance of such transmission is unknown. Standardized diagnostic testing 
is not available for most of these animal viruses, which reduces the likelihood 
that human infections with them will be readily identified. 

Few data exist on the presence or absence of prion-associated disease in 
potential donor animal species. Like retroviruses, prion encephalopathies have 
protracted clinical latency. No diagnostic tests are available. Transmission has 
been documented both between species and through transplanted tissue [64]. 
However, the epidemic potential of prion transmission is less than that of com- 
petent retroviruses. 

Surveillance of populations of xenogeneic tissue recipients for clustering of 
adverse health outcomes and monitoring of individual recipients for unexplained 
illnesses are important public health tools available to address unknown infec- 
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tious risks. To be adequate, surveillance would need to detect xenogeneic infec- 
tions in recipients before these infections spread into the general population. 
Detection of untoward events would allow the suspension of the specific asso- 
ciated procedure (e.g., transplant operation), or the use of a particular donor spe- 
cies (e.g. pig) or donor tissue (e.g., kidney) pending the development of adequate 
methods for prevention and control, thereby reducing the risk of further infec- 
tions. Existing collaborations between transplant surgeons, transplant physicians, 
and immunologists must be augmented to include the expertise of infectious dis- 
ease physicians, veterinarians, epidemiologists, and microbiologists to address 
these concerns. Systematic record maintenance linking records of the recipients, 
the source animals, the herd surveillance, and the occupational health program is 
needed to provide the database for epidemiologic investigations. 



Risk Assessment/Research Needs 

Research intended to define and quantify infectious risks must be developed for 
each source species and application. Such studies can proceed in conjunction 
with the development of specific clinical applications for the use of xenogeneic 
tissue in humans. Inherent to the concept of assessing the infectious risk of xeno- 
transplantation is the recognition and consideration of the characteristics of the 
infectious agents present, and of both the donor and the recipient species. 

Studies should attempt to define the microbial flora of specific donor species, 
to characterize the potential for identified agents to infect human hosts, and to 
assess the likelihood that such infections will result in human disease and in 
the human-to-human transmission of infection. Diagnostic tools adequate to 
monitor post-transplantation infections in humans must be developed. Diagnos- 
tic tests that are molecular or antigen based rather than serologic are required 
for the immunocompromised host. 

Preclinical animal models using primates as recipients may be optimal for stu- 
dies aimed at developing an understanding of cross-species transmission risks 
and the detection of emerging agents, endogenous viral recombinants, and com- 
plemented escape mutants. Progress in the development of clinical applications of 
xenotransplantation can be achieved with enhanced safety as the knowledge base 
related to the definition and quantification of microbiologic risks is developed. 
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Introduction 

In recent years, a veritable phalanx of emerging infectious agents has made 
national and international headlines as they acquire new mechanisms of drug 
resistance, are discovered in previously nonendemic geographic locations, or 
are identified as important variables in the equation of a new disease association 
[i-8]. In some cases, the science and practice of medicine is affected profoundly, 
as in the management of patients with infection with hepatitis C virus [9-11] or 
Helicobacter pylori [12-15]. In addition, specific interactions with pathogens may 
lead to an increased likelihood of development of neoplasia, as in chronic infec- 
tion with human hepatitis viruses B and C [16, 17], human papillomaviruses [18, 
19], and Helicobacter pylori [12, 20, 21]. The recent discovery of several previously 
unrecognized pathogens illustrates the fact that humans do not travel through life 
alone; the development of a better understanding of the interactions of human 
“flora” with their hosts , along with an understanding of other host and environ- 
mental determinants of pathogenicity, represents an increasingly important inter- 
section of infectious disease research with the human genome project. 

The recognition of the prevalence of previously undetected pathogens has had 
an impact on other fields as well. One of the greatest potential obstacles to the 
implementation of xenotransplantation has revolved around the infectious risk 
associated with transplantation of animal organs to humans, especially in the 
case of closely related donor-recipient species [22-25]. Pathogens such as 
foamy virus [26-28], simian Epstein-Barr virus [29], simian cytomegalovirus 
[23], simian T-cell lymphotropic virus [30-33], a novel reovirus [35], and a 
new species of babesia that is closely related to a known human pathogen 
have been proposed as potential xenozoonotic agents that could be transmitted 
in a baboon-to-human xenotransplant. Since these pathogens are now known 
entities, screening tests based on polymerase chain reaction (PCR) or other sen- 
sitive nucleic acid-based assays can be developed for the purpose of donor selec- 
tion and implementation of selective breeding practices. 

A potentially less tractable problem arises from our insecurity related to yet 
unknown pathogens, especially retroviruses. From phylogenetic studies of simian 
retroviruses, much has been discovered in recent years about the zoonotic origin 
of human T cell lymphotropic viruses (HTLV-i and -2) and human immunodefi- 



^Some material in this chapter was presented at the conference Xenograft Transplantation: Science, Ethics,and 
Public Policy, organized by the Institute of Medicine, National Academy of Sciences, June 1995. 
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ciency viruses (HIV-i and -2) from higher primates [31, 36-39]. This, in turn, has 
engendered considerable concern that the real-life equivalent of an “andromeda 
strain” could, in a worst-case scenario, manage to: (a) cross species boundaries 
during xenotransplantation, (b) replicate within the immunocompromised host, 
and then (c) mutate rapidly to adapt to non-immunocompromised human 
hosts. Indeed, it is difficult to argue that such a scenario could not occur, 
because of the preponderance of evidence that it has already occurred in the past. 

Fortunately, increasingly powerful tools necessary to discover previously 
unknown pathogens are now becoming available. DNA sequencing, in part facili- 
tated by direct amplification of pathogens and host-specific genes from tissues, 
has provided an unprecedented glimpse of the genetic diversity of many patho- 
gens, and in some cases their evolution in real time into “quasispecies” during 
the course of infection. Pathogen discovery techniques, such as broad range 
PCR and representational difference analysis (RDA), are allowing us to discover 
new pathogens and to begin to assess their effects on pathways of inflammation. 
Animal models, based on the severe combined immunodeficiency (SCID) mouse, 
may allow us to recover and to study some of these newly discovered pathogens 
within transplanted human tissues [40-48]. This convergence of new technolo- 
gies and classical experimental approaches is likely to lead to many new discov- 
eries. 



Pathogen Discovery Techniques 

In recent years, methods have been used to identify new pathogens and to char- 
acterize previously recognized uncultured infectious agents. Despite the large 
number of known infectious microorganisms, there is considerable evidence 
for the existence of far greater numbers of extant species, many of which do 
not grow in culture. A classic study of thermal vent bacteria demonstrated that 
of the organisms present within a thermophilic environment that could be 
detected by PCR, only about 5% could be recovered in culture [49]. With the 
possibility that currently uncharacterized organisms may play a role in the devel- 
opment of important human diseases, it becomes important to support efforts 
aimed at the identification and characterization of potential infectious compo- 
nents. It is anticipated that the use of these techniques in the next few years 
will contribute to a tremendous expansion of knowledge regarding the etiologic 
basis of many human diseases. 

Nucleic acid-based pathogen discovery techniques used to date fall into two 
general categories: consensus PCR (also known as broad-range PCR) and RDA. 
Consensus PCR techniques exploit the presence of conserved nucleic acid 
sequences within infectious microorganisms and have been applied to identifica- 
tion of viral, parasitic and bacterial pathogens (for recent reviews, see [6, 50- 
52]). The RDA technique recovers pathogen-specific sequences by exploiting 
the kinetics of logarithmic amplification of pathogen nucleic acids within a reac- 
tion in which host genomic DNA sequences are amplified in a much slower, lin- 
ear fashion [53-55]. These methods will be described in greater detail in the fol- 
lowing sections. 
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Broad-Range Polymerase Chain Reaction 

An important development in the field of nucleic acid-based genotypic pathogen 
discovery revolves around the use of conserved DNA target sequences within 
phylogenetically informative loci, such as the large (23S) and small (16S) subunit 
ribosomal RNA (rDNA) genes of bacteria [6, 51, 52, 56-60]. These genes encode 
important structural RNA molecules whose variation is subject to severe con- 
straints. Analysis of the 16S and, to a lesser extent, the 23S genes has led to 
the identification of genus and species-specific regions that can be used in stu- 
dies of bacteria classification and taxonomy [61]. Moreover, conserved regions 
of these genes facilitate amplification from a wide range of organisms; highly 
variable regions (signature sequences) within the amplicon permit phylogenetic 
analysis and in many cases, species-level identification. As with all PCR applica- 
tions, the level of specificity is dictated by the design of the two oligonucleotide 
primers that anneal to complementary sequences flanking the target and then 
catalyze target replication. Depending upon the choice of primer sequences, 
amplification-based bacterial identification methods can operate at nearly any 
level of specificity - strain, species, genus, or all members of a domain. Some 
regions within the rRNA operon are so highly conserved as to be found in all 
free-living life forms. 

Discovered or Characterized Using Ribosomal RNA Gene Targets 

By using the consensus PCR approach, several novel, fastidious or uncultivated 
bacterial pathogens have been identified directly from infected human tissue 
or blood. Mycobacterium genavense , which has been implicated in disseminated 
mycobacterial infections in immunocompromised patients was identified in acid- 
fast stain positive tissues from acquired immunodeficiency syndrome (AIDS) 
patients [62-67]. Several additional members of the Mycobacterium genus have 
now been identified by using similar approaches [68-70]. Bartonella henselae, 
an important member of the Rickettsia family, was originally identified by direct 
amplification of single-stranded (ss)-rDNA sequences from tissues of AIDS 
patients affected by bacillary angiomatosis and peliosis hepatis [71-75]* Subse- 
quent clinical and epidemiological studies, facilitated by the direct detection cap- 
abilities of PCR, have implicated this organism as the agent of common cat 
scratch disease [73, 76-80]. Tropheryma whippelii is an organism related to acti- 
nomycetes that is found in diseased tissues from patients with Whipple’s disease, 
a chronic multisystem inflammatory disorder involving the central nervous sys- 
tem (CNS), musculoskeletal system, and duodenum [8, 82]. To date, this organ- 
ism has eluded all attempts at in vitro cultivation; however, PCR-based tests can 
be used to diagnosis this disease accurately and to monitor the course of therapy 
in patients with the disease [82, 83]. A rickettsia-like agent implicated in human 
granulocytic ehrlichiosis was recently identified by ss-rDNA amplification of a 
blood specimen from a patient with visible inclusions (morulae) in circulating 
granulocytes [84, 85]. Other novel rickettsial organisms have now been identified 
by using similar consensus PCR approaches. 
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rDNA-based consensus PCR can also be used to identify eukaryotic pathogens, 
albeit with somewhat more difficulty, since the conditions used to amplify eukar- 
yotic pathogen sequences from infected tissues often result in co amplification of 
host DNA. Broad-range PCR was used recently to identify from human blood 
specimens a novel tick-transmitted piroplasm that is related to organisms of 
the genus Babesia [86, 87]. Phylogenetic analysis of the piroplasm-specific region 
showed the organism to be a newly recognized member of the of the genus Babe- 
sia^ and to be secondarily related to piroplasms of the genus Theileria, which 
cause a leukemia-like disease in African cattle. The phylogenetic analysis of 
sequences derived from this organism correlated with antigenic cross-reactivity 
studies (see below). Consensus PCR was also used recently to derive signature 
nucleotide sequences from the large subunit rDNA for a large number of pure 
cultures of pathogenic fungi; this information could be used to develop genus- 
and species-specific probes for direct detection, culture confirmation, and for 
pathogen discovery [88]. Similar broad-range PCR studies of Entamoeba [89- 
92], Cryptosporidium [93, 94], and Toxoplasma [95-98] have now been described. 

Other Broad-Range Polymerase Chain Reaction Targets 

All nonviral human pathogens contain a variety of routine maintenance or 
“housekeeping” genes, such as those encoding heat-shock proteins or DNA and 
RNA polymerases. These sequences, if sufficiently conserved, can also serve as 
detection targets for broad-range PCR studies. The bacterial gene rpoB , which 
encodes the P-subunit of RNA polymerase, has been recovered from a wide vari- 
ety of mycobacterial and non-mycobacterial organisms [99-103]. This sequence 
displays many strain-specific polymorphisms that may be useful for phylogenetic 
analysis [101]. Similar approaches have been applied to the study of mycobacteria 
heat-shock proteins [104-107] and to the citrate synthetase gene of rickettsia-like 
organisms [99, 108, 109]. Analysis of these loci may offer certain advantages, 
especially when closely related organisms display few differences by phylogenetic 
analysis of ss-rDNA. 

Viral pathogens can also be detected by broad-range PCR approaches. 
Although rDNA and housekeeping genes are not available for detection of new 
viruses, highly conserved sequence motifs that are present in many virus families 
allow detection of novel viral infectious agents or new sequence variants within a 
virus family. Highly conserved regions within conserved regions of overlapping 
reading frames of hepatitis B virus (HBV) have allowed for detection of novel 
HBV variants [110]. Consensus PCR has been the primary means of discovery 
of new strains of human papillomaviruses (HPV) which have been implicated 
in the development of cervical cancer; PCR amplification protocols directed 
against conserved regions of the Li region of the HPV genome facilitated the dis- 
covery of many novel HPV variants [19, 111-114]. Conserved regions of the 5' 
untranslated and NS5 regions of hepatitis C virus have allowed classification of 
HCV into multiple subtypes and facilitated the discovery of many novel subtypes 
[11, 115, 116]; classification of HCV may be important for predicting disease out- 
comes and likelihood of response to therapy [17, 79, 117-120]. Novel HIV variants 
have been identified by using similar consensus PCR approaches to amplification 




Nucleic Acid-Based Discovery Techniques for Potential Xenozoonotic Pathogens 



753 



of conserved portions of the gene encoding the envelope glycoprotein gpi20 [121, 
122]. Discovery of new alpha herpesviruses [123], flaviviruses such dengue and 
tick-borne encephalitis virus [124, 125], and hantaviruses [126] may be facilitated 
greatly by the use of consensus PCR. 



Representational Difference Analysis 

In 1984, subtractive hybridization was first used to identify unique DNA 
sequences on the human Y chromosome by hybridization of excess female 
DNA to restriction-digested fragments of male DNA used [127]. Since then, sub- 
tractive hybridization has been used in many other settings for identification of 
large mutations in genetic disorders and for studying differences in gene expres- 
sion. The theoretical basis of subtractive hybridization can best be described as 
the molecular equivalent of a digital background subtraction technique, in which 
excess “driver” DNA is used to subtract common sequences from a nucleic acid 
mixture containing a unique sequence from, for instance, a pathogen (the “tes- 
ter”). Such an approach could be used to identify pathogen-specific sequences 
in diseased tissue. However, for the purposes of pathogen discovery, conventional 
subtractive hybridization techniques are usually not sensitive enough to recover 
small numbers of microbial genomes in a background of host nucleic acid 
sequences. 

Substantial enrichment for the unique DNA or RNA sequences can be accom- 
plished by so-called “kinetic enrichment” in a process that has been termed repre- 
sentational difference analysis (RDA) [53-55, 128]. RDA is performed by generat- 
ing “representations” of genetic material from diseased and normal tissues via 
PCR amplification of restriction fragments. The amplified restriction fragment 
mixture from the diseased tissue is ligated to a priming sequence and then 
annealed with an excess of DNA fragments derived from tissues not involved in 
the disease process. It is preferable that the control tissues come from the same 
individual so that random genetic variability between individuals does not contri- 
bute to background. While sequences unique to the diseased tissue will rapidly re- 
anneal to themselves (a reaction that is facilitated in part by the short size of the 
restriction fragments), sequences common to both diseased and non-diseased tis- 
sues will hybridize to each other. Since the normal tissue lacks primer binding 
sites, the result of self- annealing between clones from background DNA of dis- 
eased and non-diseased tissues will lead to duplexes with only one primer binding 
sequence. On the other hand, unique sequences within the diseased tissue will re- 
anneal to themselves to form duplexes with primer binding sequences at both 
ends. PCR amplification of this molecular mixture results in linear amplification 
of background DNA hybridization products, but logarithmic amplification of 
unique sequences occurs since only these sequences contain both primer binding 
sites. The process is repeated with different primer adapter sequences to enrich 
for sequences that are found only in the diseased tissue [129-132]. 
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Detection of a Novel Herpesvirus Associated with Kaposi's Sarcoma 

RDA was used to identify a novel member of the herpes virus family in AIDS- 
associated Kaposi’s sarcoma (KS) tissues [53, 133-136]. Building on the suspicion 
that AIDS-associated KS may have an infectious etiology independent of HIV 
infection, Chang et al [53] performed RDA on KS and normal tissue to identify 
for KS-associated RDA products after BamHl digestion. Two of the clones hybri- 
dized specifically with KS tissues. One of the clones was 50 % identical by amino 
acid homology to a capsid protein of herpes virus Samurai, a gammaherpes virus 
associated with fulminant lymphoma in monkeys. Overall, 74 %-78 % of the AIDS 
KS specimens hybridized to the two probes, compared to 4 % of controls. Nearly 
all the tissues were positive by PCR. Subsequent studies have validated this ori- 
ginal finding and have shown HHV-8 to be present in KS lesions from non-AIDS 
patients as well [134]. 

Identification of a Novel Flavivirus Associated with Hepatitis 

The first transmissible agent associated with hepatitis that was successfully pro- 
pagated in primates was originally obtained from the serum of a 34-year-old sur- 
geon after the development of acute hepatitis. RDA was recently used to identify 
unique viral sequences within infectious plasma from an infected tamarin [55, 
137]. After conversion of RNA extracted from plasma into cDNA by random 
primed reversed transcription, three rounds of RDA were used to amplify flavi- 
virus-specific sequences selectively; virus-specific sequences could be observed 
after a single round of amplification, presumably because of the low background 
content within plasma. Sequence analysis of the clones showed some similarity to 
hepatitis C virus [55, 137). Recent molecular and seroepidemiologic studies have 
suggested that risk factors for acquisition of infection with the virus or its rela- 
tives may be similar to that of hepatitis C virus; coinfection with this virus, 
which is now termed hepatitis G virus, may occur in a significant number of 
patients with hepatitis C virus. Further studies will be required to determine 
the extent to which infection with this virus is associated with acute and chronic 
hepatitis or other disease. 



Phylogenetic Analysis and Antigenic Relatedness: A New Paradigm 

Once new sequence information pertaining to a novel pathogen has been 
obtained, phylogenetic analysis can be performed to assess the relationships 
between the new organism and those already characterized by similar means 
[138-150]. Each of the phylogenetic analysis programs has certain advantages 
and disadvantages, depending on the type of data being analyzed [151-153]. 
Thus it is reasonable to use multiple analytic methods during the initial analysis 
of a newly derived sequence. Several excellent and up-to-date reviews are avail- 
able on this subject [61, 150, 152]. 

By phylogenetic analysis, similarities and differences between organisms can 
be inferred. These genetic similarities have, on a few occasions, been extrapo- 
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lated to identify antigenic relationships as well, which can be exploited for 
further study of infected individuals. 

Ehrlichia chaffeensis, a cause of human monocytic ehrlichiosis, is genetically 
closely related to Ehrlichia canis, and the two organisms are antigenically 
cross-reactive [154-157]. The agent of human granulocytic ehrlichiosis, ribosomal 
sequences of which were recovered directly from human clinical specimens, is 
more closely related to Ehrlichia equi and Ehrlichia phagocytophila. These latter 
two organisms are antigenically distinct from Ehrlichia canis/ chaff eensis, as 
demonstrated in recent serological cross-comparisons [158]. However, Ehrlichia 
equi antigen can be used as a substrate for detection of antibody to the 
human granulocytic agent for confirmation of molecular analyses and for deter- 
mination of past exposure to this newly discovered class of organism [84, 85, 158, 
159]. Thus, in the case of Ehrlichia spp., phylogenetic analysis based on DNA se- 
quencing of small subunit ribosomal genes directly from clinical specimens can 
be used to identify the appropriate antigen substrate to be used for immunologic 
follow-up, as well as for seroepidemiologic studies. 

Another example of the correlation of phylogenetic analysis with immunologic 
cross-reactivity was described recently for a new member of the piroplasm family 
[86, 87, 160]. In this case, phylogenetic analysis of small subunit ribosomal DNA 
sequences directly from clinical specimens predicted that a new member of the 
piroplasm family was genetically related to a strain that had been recovered pre- 
viously from a patient in Washington State (strain WAi) [160]. Antibody cross- 
reactivity studies showed that sera from patients infected with the newly identi- 
fied organism crossreacted with the WAi strain. In contrast, serologic testing 
with Babesia microti antigen was negative in these patients, consistent with the 
substantial phylogenetic distance between WAi and 5 . microti [86]. 

Collectively, this approach of the use of phylogenetic information to predict 
antigenic relatedness represents a new paradigm that can be used to develop 
tests for detection of humoral and cellular immune responses to new pathogens. 
As more uncultured pathogens are discovered, it becomes increasingly important 
to demonstrate host responses during an infectious process associated with the 
presence of organism-specific nucleic acid sequences. Representational difference 
analysis as described above, may take things a step further - this method may be 
capable of recovering pathogen-specific nucleic acid sequences encoding immu- 
nodominant antigens directly from tissues. Alternatively, genes expressed selec- 
tively in tissues can be isolated. Presumably, by the use of inferred antigenic rela- 
tionships (via phylogenetic analysis of broad-range PCR products) or by direct 
recovery of antigen genes from tissues, a battery of immunodiagnostic tests 
could be developed for a pathogen that has yet to be recovered in culture. 



Comment 

In reductionist terms, some infectious diseases can now be viewed as “horizon- 
tally acquired genetic disorders,” in which nucleic acid sequences from a patho- 
gen comingle with those of the host to produce, in some cases, inflammation and 
disease and, in others, no symptoms whatsoever. The use of pathogen discovery 
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techniques will undoubtedly contribute greatly to our understanding of the huma 
flora, especially those organisms whose presence has been heretofore unrecog- 
nized. Likewise, the use of these techniques to better characterize xenotransplant 
donor animals may lead to a greater understanding of the diversity of microbial 
flora that are potentially zoonotic, how they can best be recognized, and ulti- 
mately perhaps eliminated from the donor pool. 

Endemic human viruses and other pathogens have been known for many 
years. It is interesting to note that some human viruses, such as the Old and 
New World human retroviruses [38], human papillomaviruses [18, 19], and hepa- 
titis C viruses [161, 162] show features of “zoonotic” diseases; for these viruses, 
major differences exist between viral strains found within different socially - and 
geographically - separated human populations. Potentially, a viral variant that is 
well adapted to a local human populatation could exhibit greater or lesser viru- 
lence in hosts with different immunogenetic profiles. In light of this, it is impor- 
tant to consider the perspective that, although human-to-human transmission of 
many types of infectious agents has been well documented after transplantation 
of human organs, no mutation or activation of a more virulent strain of a human 
retrovirus has been documented to date. Nonetheless, the use of nucleic acid- 
based pathogen discovery techniques, as described here, may go far toward the 
characterization of the uncultured flora of xenotransplant donor animals. 

It is no coincidence that many of the applications of the described pathogen 
discovery methods have been for the identification of zoonotic pathogens, 
since the organisms involved are typically difficult or impossible to cultivate in 
vitro. The use of the above described methods (as well as others that will cer- 
tainly be developed in the future) for zoonotic pathogen discovery in the area 
of xenotransplantation is a natural extension of the paradigm. Perhaps, as a 
first project, potential donor species with one or more known infectious agents 
(e.g., STLV-i or foamy virus or both) should be examined to define the sensitiv- 
ity and specificity of the approaches being used and to gain experience with the 
methods. Once the sensitivity of the methods is established, the pathogen discov- 
ery process could begin with appropriate combinations of cases and controls. By 
the systematic application of the nucleic acid-based pathogen discovery techni- 
ques, it may indeed become possible to expand significantly our understanding 
of the range of microbial agents residing in animal donors, with the ultimate 
goal of avoiding or interrupting their potential transmission during xenotrans- 
plantation. 
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tals, change constantly. New realities of life (for example, the results of new bio- 
medical research, new technical advances, and other intellectual and emotional 
attitudes) modify what is rational. Principles that were once important in life 
suddenly become unimportant, and hitherto unimportant problems become cen- 
tral overnight. 



Ethics in Relation to Human Xenotransplantation 

The shortage of organs for transplantation has precipitated a rather theoretical 
field of research - xenotransplantation - into the spotlight of clinical hope. 
The use of animal organs would open up a totally new dimension in the treat- 
ment of terminally ill patients. Some see xenotransplantation as a victory for 
medical research in its fight against lethal diseases, others simply as an extension 
of the current organ transplant practices. But the prospect also triggers sharp 
and negative reactions in many minds, with some seeing xenotransplantation 
as a form of hybridism, carrying with it terrible dangers. 

With regard to xenotransplantation, we have to consider: (a) the rights of ani- 
mals, (b) the rights of critically ill patients with end-stage organ failure (who are 
in a different situation from young and healthy critics of xenografting, including 
some doctors), (c) the rights of the surgeon and others in the medical team, (d) 
national ethics, (e) religious ethics, and (f) international and global ethics. 



Ethics Must Catch up with Technology 

The doctors’ protest over the baboon liver transplants highlights the fact that, 
while we have made rapid progress in developing xenograft surgery techniques, 
decisions on the ethics of the procedure have lagged well behind. Medicine is 
simply moving faster than its regulators. No domestic or international law exists 
that deals expressly with xenotransplantation. No one can be certain that the law- 
fulness of this practice will never be called into doubt. But scientists and doctors 
are not waiting for governments or the courts to decide whether xenotransplan- 
tation is legal. Futuristic surgery is being carried out now, before the immuno- 
logical and other biological processes are fully understood. It is still not certain 
whether xenotransplantation will one day be able to prolong life for periods simi- 
lar to those achieved with allografts. The dream of an endless supply of animal 
organs has not yet become a scientific reality. 

If medical professionals are to avoid opposition, both from their colleagues 
and the outside community, to what critics may perceive as misuse of patients, 
then some self-imposed controls, based on ethics, must be exercised. 



Xenotransplantation Ethics Versus Allotransplantation Ethics 

The ethics of xenotransplantation are more complex than those of allogeneic 
organ transplantation. Is it justifiable to kill animals so that their organs can 
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be transplanted into humans? Is it ethical to create a chimera, and how will the 
recipient and his or her relatives, friends, and colleagues react? 

If an abundant supply of animal organs were available in the future, this would 
create a far more equitable situation than that which exists at present, where the 
worldwide shortage of human organs means that some patients will remain on 
dialysis or die. 

The prospect of an unlimited supply of animal organs could, however, prompt 
patients or relatives to ask for (and the doctor to offer) a xenograft which may 
be unwarranted and/or unethical. For example, an animal organ could be sought 
for a fetus, a newborn baby, a drug addict, a mentally deficient patient, or an 
extremely aged man or woman. In all cases but the latter, how could these poten- 
tial candidates be fully informed of the benefits and risks and decide whether 
they wish to accept an animal organ? Is a transplant for them ethical [2]? In 
the cases of the alcoholic, the drug addict, or the elderly, is their community pre- 
pared to pay the considerable costs of surgery and after-care, and sacrifice the 
life of an animal, for an individual whose illness may be self-inflicted or who 
is likely to die within a short time anyway? 



Animal Rights 

Today, we treat diabetic patients throughout their lives with porcine insulin. We 
also routinely transplant pig heart valves into patients. Recently, pig pancreatic 
islets have been transplanted into humans. Is it not also moral, then, to trans- 
plant a complete pig heart? In some centers, we currently transplant organs 
from anencephalic or cortically dead newborn infants. If we are able to do 
this, it would be nonsensical to refuse to use animal organs. 

Although xenotransplantation creates an apparent imbalance favoring humans 
over animals, the removal of organs from animals is lawful. It is reasonable to 
save the life of a human at the expense of an animal life. Even the most fervent 
protector of animals would probably not dispute the legitimacy of xenotransplan- 
tation to benefit humans. A prerequisite for using animals, however, is that they 
must be treated with full regard to the prevention of suffering, pain, distress, or 
long-lasting harm [3-5]. 

The Ethics Committee of the Transplantation Society recommended that (a) 
the care and humane treatment of animals must always be of the highest stan- 
dards, (b) all animal studies in transplantation must be approved by an institu- 
tional and/or State or National Review Board, (c) endangered species should not 
be used, (d) animals bred for the purpose of transplantation should be the pre- 
ferred source, and (e) research designed to diminish the need for the use of ani- 
mals in experimentation should be encouraged. 



Gene Transfer 

Any interference with genetic heritage that could be transmissible to subsequent 
generations must be prohibited [6]. A taboo must remain on (a) the transfer or 
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implantation of human embryos into the uterus of another species, (b) the intro- 
duction of foreign genes into human sperm, (c) xenogeneic brain transplantation, 
and (d) the creation of human hybrids. 



Patient and Community Ethics 

For some members of the community, xenotransplantation is unethical [7]. Some 
may complain that not only is it experimental, but it is cruel to both animals and 
patients. If we could successfully transplant animal organs into humans, would 
the surviving recipient still be a human? The patient must have the freedom 
to accept or reject the idea of becoming a chimera. A minority of individuals 
would find this inhumane or regard it as a degrading form of therapy. 

However, the expectation of a high quality of life and longevity has become so 
dominant in our culture that most patients would accept (a) an organ from a 
transgenic pig, (b) the transfusion of xenogeneic bone marrow, and (c) the 
state of mixed chimerism [8]. 



Coping with Chimerism 

In deciding whether to go ahead with any operative procedure, the surgeon has 
to take into account what is right for the individual patient - in this case, how he 
or she will cope with chimerism. How will recipients react if they are constantly 
reminded, perhaps by themselves or by colleagues or relatives, that they have a 
pig heart in their chest or that they see the world through the cornea of a mon- 
key? A recipient may more readily accept other xenografted organs, such as the 
kidney or liver. A total of 30%-50% of transplanted patients go back to work. 
The recipient of an animal organ could be subjected to constant teasing and 
annoyance by colleagues. 

Personal relationships can be jeopardized even after allotransplantation. Will 
marital breakdown rates be even higher among those receiving a xenograft? 
Can the partner live with a chimera, love somebody who has a pig heart? Trans- 
plantation of the heart may have a special meaning. For the layman, this organ is 
still the place of sentiment and conscience, of good and bad, of love, courage, 
and bravery, and the organ on which life depends. It is the nucleus of an indivi- 
dual. It is not only the most important organ, it is a symbol. The lay person may 
have serious reservations. A father may wonder “Will my son still respect me if I 
have a porcine heart?” A mother offered a pig heart may doubt that she will be 
able to continue to love her children “with all her heart.” 



Ethics and the Transplant Surgeon 

The transplant surgeon has to take into consideration the potential reaction - of 
the patient, the patient’s relatives, and his or her own colleagues - to chimerism. 
What level of support will he receive from others in the medical team? Will a 
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nurse be willing to care for a patient with a porcine liver? Will the surgeon’s for- 
merly loyal colleagues support his or her future career? 

As progress is made in medicine, the demands on doctors increase. The trans- 
plant surgeon could be begged by a dying patient to transplant an animal organ. 
The surgeon may have to act immediately and could be rushed into hasty, ill- 
advised action. Responsibility to the patient has to be weighed against medical 
feasibility. As scientists, surgeons have to develop new techniques but, if attempt- 
ing an experiment, they have to inform the patient about all the potential prob- 
lems, side effects, and danger to life. They have to ask themselves what value the 
treatment has for each particular patient. 

Surgeons have to consider the dignity of their patients. Even when the Ethics 
Committee has given its approval, the surgeon has to calculate the risk of harm- 
ing the patient’s physical or physiological integrity. Perhaps for most physicians 
the test of whether their behavior is ethical is whether they can personally justify 
their actions. 

A novel procedure could be in the best interests of a critically ill patient and 
ethically justified in the eyes of both patient and surgeon, but may be seen by 
some as amoral. In contrast, an amoral procedure may be applauded in some 
quarters because it contributes toward knowledge. Widely differing views of 
the same procedure may be the result of differences in race, religion, or nation- 
ality. 

There have been examples of doctors (in the field of transplantation and else- 
where) being corrupted by money, by the hope of a better career, by the tempta- 
tion of power. Those who offend ethical norms and who carelessly misuse the 
lives of their patients, are amoral [2]. Only those surgical procedures and med- 
ical therapies that have treatment and cure as their objective should be accep- 
table. 



Financing Xenografts 

Questions may arise over financial aspects of xenotransplantation. For example, 
might the poor be relegated to receiving animal organs (which may be less 
expensive, but will probably function for fewer years than allografts), while the 
rich receive the perfectly matched allograft? 



Scientific Ethics 

Xenotransplantation should attempt to save lives, but should be realistic, and the 
benefits should be calculable. However, the scientist has a responsibility to pro- 
vide new information, not only for today, but also for tomorrow. It would be 
unethical to avoid this responsibility. The scientist must have the right to inves- 
tigate, to create new therapies. To do this, he or she must have the freedom to 
propose and develop ideas. 

In Germany, there is an increasing objection to current biological research, 
particularly with regard to the manipulation of life. This is probably reflected 
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in the dramatic decrease in organ donation. According to public opinion, there is 
too much technical medicine. Large sections of the population believe that health 
engineering is bordering on the inhumane [9]. Fear of the abuse of scientific and 
technical advances in medicine has led to heightened sensitivity. The public is 
asking: “Are there morals governing science?” 

Anxiety, and even resentment, with regard to xenotransplantation can be bet- 
ter understood if we list the techniques that may possibly be involved in the suc- 
cessful transplantation of a widely divergent xenograft: (a) extracorporeal immu- 
noadsorption, (b) complement inhibition with cobra venom factor, (c) the use of 
organs from genetically engineered animals, (d) heavy immunosuppression, pos- 
sibly involving total lymphoid irradiation, followed by xenogeneic bone marrow 
transplantation, (e) chimerism, and (f) transplantation in the fetus to achieve 
neonatal xenotolerance [7]. Some form of bioethical control is certainly neces- 
sary. 

In Germany, modern medicine seems to suffer not from a deficiency, but 
rather from an excess of success and power. Ethics are in danger of being 
neglected or ignored because of the spectacular discoveries being made by scien- 
tists. 



National Ethics 

As we have learned from the fields of organ donation and organ sharing between 
nations, some countries will have difficulty in establishing xenotransplantation. 
The selection of species to supply organs might not only depend on the national 
income, but also on the feasibility, for climatic or religious reasons, of breeding 
the appropriate animals. 

Presently, no national or international law exists to govern the use of animal 
organs for xenotransplantation. The Council of Europe, for example, simply 
states that research on human beings must keep the risk to a minimum. For ani- 
mals, it declares that when any animal is used or is intended for use in any 
experimental or other scientific procedure that may cause pain, suffering, dis- 
tress, or lasting harm, the risk has to be kept to a minimum. 



International/Cultural Ethics 

In different cultures we find different attitudes towards life, a different respect for 
death, and a different view of transplantation. Western culture is based on 
science, and its scientific community will undoubtedly continue its work, con- 
stantly looking for favorable cost-benefit ratios or valid alternatives in medicine. 
Xenotransplantation could be one such alternative to the shortage of human 
organs. 

The future of xenotransplantation is probably not a question of technology, 
but of motivation and morals. What is moral and ethical for one society and cul- 
ture may not be so for another. We have to respond as citizens within a plura- 
listic world, where cultural value systems in developing countries have to be con- 
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sidered. All human beings should have equal rights to live by their own cultural 
standards [6]. 

Ethics in medicine is not a recent invention. The need for ethical guidelines 
exists as soon as a group of people begin living together. The first written record 
on ethics originates from a Hindu physician in 1500 b.c. The oath of Hippocrates 
is still largely valid for doctors after almost 3500 years and has spread all around 
the globe. 

The Nuremberg Code (1945), the Universal Bill of Human Rights (1948), and 
the Declaration of Helsinki (1967) are accepted worldwide and protect the indi- 
vidual as a research subject. Global ethics have to protect the dignity of man, 
but with the heterogeneity of cultures and the freedom of choice provided by 
democracy, there is no uniform approach. 



Religious Ethics 

From the Christian point of view, no fundamental opposition exists to the volun- 
tary donation of an organ. Objections evolve from the possibility of misusing 
donors or patients. 

For the theologist or religious individual who believes in God, however, xeno- 
transplantation might be unacceptable. In the Christian religion, all human 
beings and their bodies have their dignity. They have to go before God as a 
God-like person, as they were born - perhaps not with an animal organ. 

A halachic view on baboon liver transplantation was published by Rabbi 
Moshe David Tendler from New York [9]. The Talmud commands that species 
constancy must be respected and does not allow hybridizing of the species. How- 
ever, no biblical law takes precedence over the obligation to save a life. This 
halachic view indicates that animal organs, even of porcine origin, could be 
transplanted in emergencies to save sick human beings. 

The Christian church has not published such a clear ruling. Nor have Moslems 
reported any statement about the use of animal organs or transplants [11]. Mos- 
lem jurists, however, have sanctioned many modern methods of medicine, even 
blood transfusion, though blood is considered “dirty.” Islam believes diseases to 
be natural phenomena. The Prophet declares that there is a cure for every illness, 
though we may not know it at the time. He encourages mankind to search for the 
cure. New treatments should be searched for and, if early attempts prove success- 
ful, generally applied. 



Comment 

The purpose of ethics is to guide us towards behaving in a manner acceptable to 
the rest of our community. This community includes our patients, our collea- 
gues, the community (nation) in which we live and work, and perhaps religious 
and international communities. Scientific and medical ethics might allow what 
some may consider an “amoral” procedure on a fetus or on a chronically ill 
patient if it is likely to provide new and rich knowledge and might save or 
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improve the quality of life of the patient. The procedure itself must not be harm- 
ful or unethical, and the patient must not be misled or given false hope about the 
outcome. 

Ethics would allow us to offend the dignity of man, e.g., by xenotransplanta- 
tion, because the wish to live is often greater than the desire to retain dignity, yet 
xenotransplantation should not be used to overcome death if such a treatment is 
inhumane. Ethics in medicine, including xenotransplantation, must be based 
above all on the patient’s needs, whether the patient is rich or poor. 

With regard to xenotransplantation, technically we have already traveled to the 
ends of the earth, but in terms of the development of our ethics, we are still in 
the Stone Age [12]. 
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Introduction 

The ability to use animal organs, such as from the pig, for the purpose of trans- 
plantation in humans would clearly overcome the major shortage of human 
organs that greatly restricts transplantation programs worldwide. Recent experi- 
mental advances have raised the possibility of renewed attempts at organ xeno- 
transplantation in humans within the near future. In this chapter, prior clinical 
experience, dating back to 1906, is briefly reviewed. Experience with extracor- 
poreal xeno-liver perfusion is reviewed elsewhere in this volume by Abouna 
(Chap. 57). The limited experience with extracorporeal xeno-kidney perfusion 
[1-3] will not be discussed, but all of the world’s early experience with extracor- 
poreal xeno-organ perfusion has been reviewed by Dubernard et al. [4], who pro- 
vide an excellent source of reference. 



Clinical Concordant Organ Xenotransplantation 

Several attempts have been made to provide humans with organs from closely- 
related species (Tables 1-3). Those that took place during the early part of the 
century have mostly been reviewed previously [4, 5]. The classical early studies 
by Reemtsma (Fig. 1) et al. [6], who used chimpanzees as donors of kidneys 
(Table 1), and of Starzl (Fig. 2) et al. [7], who used baboons as donors, demon- 
strated that the greater the phylogenetic disparity between donor and recipient, 
then the more aggressive was the rejection response. Chimpanzee donor kidneys 
were in general rejected more slowly and by a cellular mechanism, whereas 
baboon donor kidneys were rejected more aggressively. Reemtsma et al. demon- 
strated that acute cellular rejection of a chimpanzee kidney could be reversed by 
a course of increased steroid therapy. Survival of the patients ranged from 11 days 
to 2 months, with one patient surviving almost 9 months. The majority of deaths 
were related to rejection or infection. Baboon kidneys, in general, were rejected 
more aggressively, with patient survival ranging from 19 to 60 days. 

The first heart transplant performed in man by Hardy (Fig. 3) et al. in 1964 [8] 
(Table 2) utilized a chimpanzee as the donor, but the heart proved too small to 
support the patient’s circulation. Further attempts using closely related donor 
species were made by Marion [9] and Barnard (Fig. 4) et al. [10] without signif- 
icant success. It should be remembered that these attempts, as well as those of 
Reemtsma and Starzl, were carried out in the precyclosporine era and therefore 
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Fig. 1. Keith Reemtsma headed 
the group at Tulane University 
in New Orleans, which was the 
first to explore xenotrans- 
plantation in a scientific 
manner. Their clinical work, 
carried out between 1963 and 
1965, on kidney transplanta- 
tion using chimpanzees as 
donors stimulated many other 
experimental and clinical stu- 
dies during the subsequent 
decade 



Fig. 2. Thomas Starzl, one of 
the major surgical pioneers of 
organ transplantation, led the 
teams that carried out the first 
attempts at clinical liver 
xenografting using chimpan- 
zees as donors 
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Tablet. World experience in 


clinical renal xenotransplantation 






Year 


Surgeon 


Donor 


n 


Patient survival 


Reference 


1905 


Princeteau 


Rabbit (slices) 


1 


16 days 


[26] 


1906 


Jaboulay 


Pig 


1 


<3 days 


[27] 






Goat 


1 


<3 days 




1910 


Unger 


Monkey 


1 


<2 days 


[28] 


1913 


Schonstadt 


Monkey 


1 


? 


[29] 


1923 


Neuhof 


Sheep 


1 


<9 days 


[30] 


1964 


Reemtsma 


Chimpanzee 


12 


<9 months 


[6] 






Monkey 


1 


10 days 




1964 


Hitchcock 


Baboon 


1 


5 days 


[31] 


1964 


Starzl 


Baboon 


6 


<60 days 


[7] 


1964 


Hume 


Chimpanzee 


1 


1 day 


[32] 


1964 


Traeger 


Chimpanzee 


3 


<49 days 


[33] 


1965 


Goldsmith 


Chimpanzee 


2 


4 months 


[34] 


1966 


Cortesini 


Chimpanzee 


1 


31 days 


[35] 



Modified from [36]. 



Table 2. World experience in clinical heart xenotransplantation 



Year 


Surgeon 


Donor 


Type 


Patient survival 


Reference 


1964 


Hardy 


Chimpanzee 


OHT 


Functioned 2 h (heart too small) 


[8] 


1968 


Cooley 


Sheep 


OHT 


Immediate cessation of function 
(vascular rejection?) 


[37] 


1968 


Ross 


Pig 


HHT 


Cessation of function within 4 min 
(vascular rejection?) 


[38, 39] 


1968 


Ross 


Pig 


Perfused with 
human blood 
but not trans- 
planted 


Immediate cessation of function 
(vascular rejection?) 




1969 


Marion 


Chimpanzee 


OHT? 


Rapid failure (4 h) (raised 
pulmonary vascular resistance?) 


[9] 


1977 


Barnard 


Baboon 


HHT 


Functioned 5 h (heart too small) 


[10] 


1977 


Barnard 


Chimpanzee 


HHT 


Functioned 4 days 
(probable vascular rejection) 


[10] 


1984 


Bailey 


Baboon 


OHT 


Functioned 20 days 
(vascular rejection) 


[11] 


1992 


Religa 


Pig 


OHT 


Functioned 24 h 

(cause of failure uncertain) 


[20] 



Modified from [36]. 

OHT, orthotopic heart transplantation; HHT, hetero topic heart transplantation. 



the immunosuppression utilized was relatively primitive. In 1984, however, Bailey 
(Fig. 5) et al. [11] performed a baboon heart transplant in a newborn infant and 
utilized cyclosporine therapy. The heart functioned for 20 days but failed from 
vascular rejection that may have been related, at least in part, to ABO incompat- 
ibility between donor and recipient. 
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Tables. World experience in clinical liver xenotransplantation 



Year 


Surgeon 


Donor 


Type 


Patient survival (days) 


Reference 


1966 


Starzl 


Chimpanzee 


HLT 


<1 


[12] 


1969 


Starzl 


Chimpanzee 


OLT 


9 


[13] 






Chimpanzee 


OLT 


<2 


[14] 


1969 


Bertoye 


Baboon 


HLT 


<1 


[40] 


1970 


Leger 


Baboon 


HLT 


3 


[41] 


1970 


Marion 


Baboon 


HLT 


<1 


[9, 42] 


1971 


Poyet 


Baboon 


HLT 


<1 


[43] 


1971 


Motin 


Baboon 


HLT 


3 


[44] 


1974 


Starzl 


Chimpanzee 


OLT 


14 


[15] 


1992 


Starzl 


Baboon 


OLT 


70 


[17-19] 


1993 


Starzl 


Baboon 


OLT 


26 


[18, 19] 


1993 


Makowka 


Pig 


HLT 


<2 


[21, 22] 



OLT, orthotopic liver transplantation; HLT, heterotopic (auxiliary) liver transplantation. 



Fig. 3. James Hardy, who, in 
1964, led the surgical team 
that performed the world’s 
first heart transplant, using a 
chimpanzee as donor. In the 
previous year. Hardy and his 
group had carried out the 
world’s first single lung allo- 
transplant 
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Fig. 4. Christiaan Barnard, 
who, in 1977, made two 
attempts to support failing 
human hearts with primate 
hearts placed in the heteroto- 
pic position 



Fig. 5. Leonard Bailey per- 
formed heart transplantation 
using a baboon as donor in 
Baby Fae in 1984 
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Starzl and his colleagues [12-16] were again pioneers in the field of clinical 
orthotopic and heterotopic liver xenotransplantation, performing four chimpan- 
zee liver transplants in humans between 1966 and 1974, with the grafts function- 
ing from 1-14 days (Tables). In two of these cases, only minimal pathologic 
lesions were seen in the xenografted liver. Other early attempts involved hetero- 
topic placement of baboon livers (Tables) and have been reviewed briefly by 
Dubernard et al. [4]. 

In 1992 and 199s, StarzTs group utilized the baboon as donor in two orthoto- 
pic liver transplants with patient survival for 70 days and 26 days, respectively 
[17-19] (Chap. 58). The first of these two cases can be considered a relative suc- 
cess in that there was little pathologic evidence of rejection in the liver at any 
stage, but this was achieved probably at the expense of overimmunosuppression, 
the patient dying of overwhelming sepsis. The second case was less successful as 
the patient did not regain consciousness or renal function during the postopera- 
tive period, but again there was little histopathologic evidence of rejection in the 
transplanted liver. 



Clinical Discordant Organ Xenotransplantation 

The early attempts at clinical xenotransplantation using a widely-disparate ani- 
mal species as a donor for humans were all doomed to early failure [4] 
(Tables 1-3). 

The most recent attempt at clinical cardiac xenotransplantation (Table 2) was 
reported in 1992 by a Polish group and involved the transplantation of a pig 
heart [20]. The patient suffered from Marfan’s syndrome and severe aortic 
valve insufficiency. His condition was exceedingly poor, and it was decided to 
proceed with xenografting as no allograft was available. Prior to the transplant 
he received an experimental regimen of homogenized embryonal fetal calf thy- 
mus therapy in addition to cyclosporine and azathioprine. Initially, extracorpor- 
eal immunoadsorption was carried out by perfusing the patient’s blood through 
a pig heart to eliminate antibodies against donor-species’ antigens. The heart 
from a second pig, that had also been treated with fetal calf thymus, was then 
orthotopically transplanted into the patient. He died from a low cardiac output 
syndrome just under 24 b after transplantation. Histopathologic examination 
was reported not to show any features of rejection of the transplanted heart. 

Fulminant hepatic failure is considered to be a condition in which xenotrans- 
plantation may play a bridging role. A suitable hepatic allograft may not become 
available during the short period of time in which the patient rapidly deteriorates 
and dies. Under such conditions, Makowka and his colleagues [21, 22] (Table 3) 
inserted an auxiliary pig liver to support a patient with fulminant hepatic failure 
until an allograft became available, at which time it was planned to perform 
orthotopic transplantation and remove the auxiliary pig liver. Following ex 
vivo perfusion of pig organs with the patient’s blood to eliminate anti-pig anti- 
bodies, a pig liver was heterotopically transplanted. The liver was hyperacutely 
rejected within 30 h and the patient died before an allograft became available. 

There have been no recent attempts at discordant kidney xenotransplantation. 
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Comment 

There would appear to be a growing acceptance of xenotransplantation amongst 
the public. A “Partnership for Organ Donation Survey” in the United States in 
1993 confirmed that, whereas 79% of those questioned said they would accept 
an organ allograft, 51 % said they would accept an organ transplant from an ani- 
mal if a suitable human organ was not available [23]. 

Clearly, attempts at xenotransplantation can best be justified if (a) the patient 
will die rapidly without organ transplantation or (b) failure of the xenografted 
organ will not result in death of the patient. In cases of rapidly increasing car- 
diac failure or fulminant hepatic failure, xenotransplantation could therefore be 
considered, particularly as a bridge to allotransplantation. In patients with dia- 
betes mellitus or chronic renal failure in whom allotransplantation is precluded, 
perhaps by a high degree of allosensitization, then once again xenografting may 
be justified as failure of the graft will not necessarily lead to death of the 
patient. 

This latter approach has been pursued by the Stockholm group who have 
performed pig islet cell transplants in patients with diabetes mellitus [24, 25] 
(Chap. 59). As the pig is a source of insulin that successfully controls hyper- 
glycemia in human subjects, this is a logical step forward. This clinical trial, 
however, has to date not been successful in providing long-term insulin produc- 
tion by pig islet cells, but is a sensible approach for future clinical studies. 

The problems inherent in clinical xenotransplantation remain considerable 
but, if they can be overcome, the rewards will be enormous. 
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Introduction 

It is estimated that in the United States some 27000 patients die annually from 
liver disease, many as a result of chronic hepatic failure while others as a conse- 
quence of acute fulminant hepatic failure (FHF). Of the latter, some 2000 patients 
die from acute viral hepatitis, which is potentially reversible. In addition, some 
20 % of patients who are on the liver transplant waiting list die every year from 
complications of liver failure while awaiting a suitable hepatic allograft [1-4]. 

FHF is usually a terminal event of severe liver dysfunction with resultant ence- 
phalopathy, accumulation of toxic metabolites, failure of synthesis of vital sub- 
stances (including essential amino acids and clotting factors), failure in neuro- 
transmission, renal failure, increased intracranial pressure, cerebral edema and 
death [5-7]. 

In the early 1960s and 1970s, several extracorporeal techniques were tried for 
the treatment of patients with FHF, including hemodialysis, exchange transfu- 
sion, cross-circulation with a human or primate partner, hemofiltration through 
charcoal or resin columns, and extracorporeal xenogeneic liver perfusion [8-21]. 
It soon became clear that, of all these techniques, extracorporeal xenogeneic liver 
perfusion was the most effective in reversing deep hepatic encephalopathy. The 
extracorporeal liver performed all of the functions of a normal liver, thus giving 
the patient’s failing liver sufficient time to regenerate and resume normal func- 
tion. Unfortunately, with the subsequent rapid development and improved suc- 
cess of liver transplantation in the 1980s, many patients with FHF were treated 
by emergency hepatic transplantation, and the procedure of extracorporeal 
liver perfusion was abandoned [22-25]. While this did improve the survival 
rate of patients with FHF, treatment by liver transplantation is clearly compli- 
cated, expensive, and deprives other, possibly more suitable, patients from receiv- 
ing a liver graft. Also, liver transplantation may not always be indicated since 
some patients with FHF might recover spontaneously if they could be supported 
for a short time by an extracorporeal hepatic “device” until their own liver 
regenerated (thus avoiding the need for hepatectomy, liver transplantation, and 
life-long immunosuppression). Today a realization has once again emerged of 
resuming extracorporeal hepatic support procedures as the most logical and 
cost-effective method of supporting the ever-increasing number of patients 
with FHF and those awaiting liver transplantation [26-28]. 
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Three techniques of liver support are now being evaluated: 

1. The revival of extracorporeal xenogeneic and allogeneic hepatic perfusion 
techniques [29-31]. 

2. Bioartificial liver devices in which xenogeneic hepatocytes (obtained by diges- 
tion of a whole liver followed by culture, storage, and preparation) are either 
entrapped within gel capsules or are suspended on a microcarrier matrix and 
then placed in a cartridge around hollow fiber tubes which are perfused with 
the patient’s plasma (after its separation by plasmapheresis) [32-37]. These 
devices, which contain some 50-150 g liver tissue, have been used as a bridge 
to liver transplantation, but complete recovery from grade IV hepatic coma 
has not been clearly demonstrated [38-40]. From our own experience and 
the observations of other investigators, we believe it is unlikely that the bioar- 
tificial liver device (which contains less than 10 % of normal liver tissue and 
which is prepared in a complicated process of liver digestion, preservation, 
culture, and encapsulation) can replace or substitute for the patient’s own dis- 
eased liver (as is possible with a fresh whole extracorporeal xenogeneic liver 
when used in a well-designed liver perfusion circuit) in the patient with 
FHF [27-31, 42, 43]. 

3 . Hepatocyte transplantation using encapsulated xenogeneic or allogeneic hepa- 
tocytes [41]. This may prove useful for patients with early liver failure from 
congenital and hereditary liver disease, but is unlikely to benefit patients 
with FHF. 



Technique of Clinical Extracorporeal Xenogeneic Liver Support 
for Fulminant Hepatic Failure 

As a result of several years of experimental studies in the late 1960s [10-12], and 
following clinical applications in the early 1970s [13-21], we were able to define 
the conditions necessary for optimum function of an isolated perfused xeno- 
geneic liver. Such a liver can carry out most of the major detoxifying and syn- 
thetic functions of a normal liver for many hours without any deleterious effect 
on the patient providing that certain important conditions prevail. These include: 
(a) gentle donor hepatectomy, (b) well-preserved xenogeneic graft, using cold 
oxygenated electrolyte solution containing high potassium, low sodium, and 
added Dextran and insulin as the perfusate, (c) the perfusion circuit must con- 
tain inflow and outflow pumps and heat exchanger, (d) the liver is perfused with 
the patient’s whole blood at 38 °C, with regional heparinization through both 
hepatic artery and portal vein, maintaining physiologic inflow pressures and out- 
flow hepatic venous pressure at a flow rate of 0.6-1 ml per min. In these studies, 
it was documented that hepatic artery perfusion is essential for good hepatocyte 
function (Fig. 1). 

Using the above guidelines, 33 clinical xenogeneic and allogeneic liver perfu- 
sions were carried out for treatment of 21 episodes of grade IV hepatic coma in 
ten patients with FHF (from acute viral and toxic hepatitis), as a bridge to liver 
transplantation in patients with decompensated chronic active hepatitis, and for 
patient support following ischemic necrosis after a failed liver transplant. During 
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Fig. 1. Optimum circuitry for clinical xenogeneic liver perfusion. Note perfusion through hepatic 
artery and vein, and inflow and outflow pneumatic pumps, which maintain physiologic pressures 
in the hepatic artery (HA) and in the portal (PV) and hepatic veins (HV) 



this experience, several important parameters were analyzed, including the rate 
of clinical recovery in relation to the length of perfusion, the type of donor ani- 
mal species used, the number of perfusions required for each episode of coma, 
the incidence and type of xenograft rejection, the immunologic changes in the 
recipients, and possible methods of removing xenogeneic pre-formed antibodies 
prior to perfusion. 

Extracorporeal xenogeneic liver perfusion (using livers from different species 
including pig, calf, baboon, and human) consistently and repeatedly reversed 
deep encephalopathy when all other measures had failed [16-18]. One patient was 
brought out of grade IV coma on seven separate occasions over a period of 

11 weeks while awaiting a liver transplant [13]. Of the 21 episodes of coma treated 
by these techniques, complete recovery of consciousness was seen in 13 (62 %), 
and improvement in the level of consciousness in another four (19 %) (Table 1). 

When the results were analysed with regard to the liver species used, it was 
found that with a porcine liver successful perfusion could be maintained for 5- 

12 h with full recovery in three of ten episodes of coma (30 %), and improvement 
in consciousness in another four (40 %). Using baboon livers, successful perfu- 
sion could be maintained for up to 24 b, with full recovery of consciousness in 
every patient. With human livers, successful perfusion could be continued for 
up to 51 h, with full recovery of consciousness after each single perfusion. Follow- 
ing pig liver perfusions, recovery of consciousness could be maintained for 1- 
2 weeks before the patient relapsed into coma, while in the four patients who 
were treated with baboon perfusions all recovered full consciousness, survived 
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Table 1. Results of extracorporeal xenogeneic and allogeneic hepatic perfusion used in 21 episodes 
of grade IV hepatic coma in ten patients 



Liver donor 
species 


Episodes of 
coma treated 


Duration of 
perfusion (h) 


Episodes of coma 
completely reversed 


Episodes of 
improved 


coma 








in) 


(%) 


in) 


(%) 


Pig 


10 


5-12 


3 


30 


4 


40 


Baboon 


7 


13-24 


7 


100^ 


- 


- 


Human 


2 


35-51 


2 


100 


- 


- 


Calf 


1 


6 


1 


100 


- 


- 


Monkey 


1 


3 


0 


0 


0 


0 


Total 


21 


3-51 


13 


62 


4 


19 



® Baboon liver perfusion was 100% successful in a total of four patients, two of whom were long- 
term survivors. 



for at least one month, and two left the hospital with normal liver function and 
are long-term survivors [14, 18, 19]. While recovery of consciousness required the 
use of one to four consecutive porcine liver perfusions, only one baboon liver 
perfusion was sufficient to bring the patient out of deep hepatic coma, remain 
awake, and talk and take oral fluids while still on the baboon liver circuit. 

Immunological studies showed that, in the case of porcine xenogeneic liver 
perfusion, preformed xenoantibody in the patients was quickly adsorbed by 
the liver, with a secondary rise after repeated perfusions. However, no lympho- 
cytotoxic antibody to human lymphocytes was detected after several porcine 
and baboon perfusions, indicating that cross-sensitization to human alloantibody 
does not occur and thus subsequent liver allotransplantation could be carried out 
safely. Pathological studies of these livers showed that many porcine livers main- 
tained normal histology for up to 9 h of perfusion. However, immunofluorescence 
studies did show deposition of IgG and complement. In the case of baboon livers, 
even after 24 b of perfusion there was no hepatic cell damage, but some lympho- 
cyte infiltration developed around the portal tracts, indicating mild cellular rejec- 
tion. Xenogeneic liver perfusions were more successful when the patient was pre- 
treated with an exchange transfusion, which most probably reduced the titer of 
preformed xenogeneic antibody in the recipient. 



Current Status of Liver Perfusion for Treatment 
of Fulminant Hepatic Failure 

The advent of successful liver transplantation resulted in a temporary cessation of 
extracorporeal liver perfusion therapy. However, the high incidence of death from 
liver failure in patients awaiting orthotopic hepatic allotransplantation has stimu- 
lated several centers to revive the technique of ex vivo hepatic perfusion as a 
bridge to liver transplantation, using the pig liver or an ABO-incompatible 
human liver, with some success [29-31]. Those centers using the perfusion cri- 
teria which we developed in the early 1970s have achieved the greatest success. 





Extracorporeal Xenogeneic Liver Perfusion for the Treatment of Hepatic Failure 



789 



whereas those that have taken “short-cuts”, such as using portal perfusion only 
and inadequate maintenance of physiologic inflow and outflow pressures, have 
had much less success [31]. 



Future of Extracorporeal Xenogeneic Liver Perfusion 

From our own experience, and that of several other investigators who have since 
used the technique, there is no doubt that extracorporeal perfusion through a 
whole normal xenogeneic liver is the preferred therapy for the support of 
patients with FHF (with the potential for spontaneous recovery of their own 
liver) or who develop acute-on-chronic liver decompensation while on a liver 
transplant waiting list. We believe that the use of extracorporeal xenogeneic 
liver perfusion in patients with FHF, besides being simpler and more cost-effec- 
tive than liver transplantation, will help identify those patients who may have 
permanent cortical brain damage and are thus not suitable for transplantation. 
Our observations also indicate that extracorporeal baboon liver perfusion is 
always successful in reversing coma, and is thus the ideal therapy for patients 
with FHF or as a bridge to liver transplantation. Unfortunately the use of the 
baboon will most likely face strong disapproval from members of the public, 
thus making the pig or the calf the only sources of “extracorporeal” livers. 

The porcine liver has definite limitations due to the presence of heterologous 
preformed xenoantibodies in the recipient which, together with complement, may 
cause accelerated xenograft rejection. It is possible, however, that the effect of 
these preformed antibodies can be greatly diminished by several methods 
which are now under investigation: 

1 . Performing an exchange blood transfusion using homologous blood with a 
low anti-porcine antibody titer 

2 . Adsorption of the preformed antibody by first perfusing the kidneys of the 
pig with the patient’s blood until they are rejected, and then connecting the 
patient to the extracorporeal pig liver 

3 . Inactivating the naturally occurring antibody using synthetic sugars to block 
the a-galactose, the target epitope for the antibody/ antigen reaction [44, 45) 

4 . Depletion of both complement and xenoantibody, as described by Bach [46] 

5 . Pretreatment of the liver graft with the Fab2 fragment of the naturally occur- 
ring porcine antibody in order to mask the porcine xenoantigens [47] 

6. Using transgenic pigs with a human DNA construct [42, 48] 

It is, of course, very important that the donor animals used for extracorporeal 
perfusion are bred in special farms and are tested for the presence of infectious 
organisms [49]. 



Comment 

Extracorporeal xenogeneic whole liver perfusion is the most physiologic (and 
thus most likely to be successful) treatment of FHF, and should be more widely 
used in the future, especially when methods of preformed antibody depletion 
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become available. The need for revitalising the technique of extracorporeal xeno- 
geneic perfusion is particularly important at the present time, not only because 
of the large number of young patients who die every year from potentially rever- 
sible acute viral and toxic hepatitis, but also because of the large number of 
potential liver transplant recipients who die from liver failure while on the wait- 
ing list (due to the ever-widening gap between organ demand and organ supply). 
For these reasons and for the fact that, once the extracorporeal liver perfusion 
circuitry is constructed, the actual procedure is simple and relatively inexpensive, 
we strongly believe that the time has come for this form of liver support technol- 
ogy to be reintroduced and used widely in institutions with an interest in the 
treatment of hepatic failure and hepatic transplantation. 

It is very unlikely that the currently available bioartificial liver containing iso- 
lated xenogeneic hepatocytes will be able to provide the necessary complete 
hepatic support that is required and which can be obtained by xenogeneic 
whole liver perfusion. We are in full agreement with the many investigators 
who believe that the bioartificial liver devices containing 50-150 g semiviable 
encapsulated porcine hepatocytes (instead of 1500 g normal adult liver) can 
never substitute for the myriad of complicated and essential functions of a nor- 
mal liver, particularly when these artificial devices are devoid of important acces- 
sory cells, such as bile ducts, Kupffer cells, and endothelial cells, which are known 
to contribute to the overall function of a normal liver [27, 29, 36, 42]. Clearly, a 
final and definitive conclusion to this matter should be possible through a well- 
designed and controlled trial comparing the bioartificial liver cartridge with 
whole liver perfusion, and involving either an experimental animal model of 
acute, but potentially reversible, liver failure (as described previously [20]) or 
actual patients with FHF in a multicenter project. 

Finally, as the great liver physiologist Claude Bernard (1813-1878) rightly said: 
“When the human liver fails, only another normal liver can take its place.” And 
as my former associate, Giovanni Costa, more recently put it: “The good Lord 
gave man 1500 g of hepatocytes. It is very unlikely that man will do as well 
with only 50 g. We also must remember that while a bridge to liver transplanta- 
tion is good, a bridge to a regenerating liver is much better” [43]. 
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Introduction 

The significant advances achieved in the field of liver transplantation have led to 
an increased demand for organs, and created a wide gap between organ availabil- 
ity and supply [i, 2]. As of 3 January 1996, there were 44025 patients on the Uni- 
ted Network for Organ Sharing (UNOS) waiting list (the agency that coordinates 
organ allocation in the United States), up from 13115 on 31 December 1987, an 
increase of 335%. Of these, 5715 awaited liver transplantation, up from 449 in 
1987 (12-fold increase). The supply of organ donors, on the other hand, under- 
went a marginal increase between 1988 and 1990 (from 4085 to 4514), and has 
remained relatively stable (4531 in 1991, 4521 in 1992, 4849 in 1993, and 4891 in 
1994) thereafter. A wider availability of organs for transplantation would allow 
an expansion [3, 4] rather than a contraction of the indications for transplanta- 
tion, and at the same time a relaxation of the patient selection criteria [5-7]. All 
these facts clearly justify the renewed interest in xenotransplantation observed in 
the last decade [8, 9]. 

The first three attempts at whole organ xenotransplantation were made in 
France and Germany between January and April 1906, using a pig, a goat, and 
a macaque as kidney donors [10, 11]. None of these kidneys functioned because 
of almost immediate vascular thrombosis, and the human recipients died in less 
than 3 days. In a further attempt in 1923 by Neuhof [12], a lamb was used as a 
kidney donor, and the patient died 9 days later. On 16 February 1963, Hitchcock 
transplanted the kidney of a baboon into a 65-year-old woman. The organ func- 
tioned for 4 days before its artery clotted [13]. A few months later, on 8 October 
1963, Reemtsma of Tulane University used a rhesus monkey as kidney donor for a 
human recipient, who survived 12 days. Reemtsma tried again with a series of six 
consecutive chimpanzee kidney grafts [14], one of which functioned for 270 days. 

In December 1963 and January 1964, six patients received baboon kidneys at 
the University of Colorado in Denver [15]. Each of these kidneys functioned 
immediately and sustained a dialysis-free life for 10-60 days. The patients were 
treated with high doses of azathioprine and prednisone; four of them died of sep- 
sis, while rejection was mainly responsible for the other two deaths. However, the 
pathology of the rejection was not qualitatively different from that observed in 
allografts [16]. 

In fact, although the pathology of the rejection process was not well under- 
stood during the early era of xenotransplantation, the descriptions of the rejected 
xenografted kidneys, from both baboons and chimpanzees, are consistent with 
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the pathophysiology of xenograft rejection as we describe it today. Lymphocyto- 
toxic antibodies as a cause for antibody-mediated rejection of allografts were 
actually not recognized until 1965 [17]. In the Denver baboon-to-human kidney 
xenotransplant series mentioned above, heterospecific antibodies could be 
detected bound to the kidney xenografts [15, 16]. Summarizing that experience, 
Dr. Kendrick Porter concluded: 

In the resulting [heterograft] rejection process, cellular infiltration and peri- 
tubular capillary destruction are prominent early pathologic features, but by 
nine days the vasculonecrotic element is marked. There is circumstantial evi- 
dence to suggest that, whereas the peritubular capillary damage is mediated by 
cell-bound antibody, the fibrinoid necrotic vascular lesions are caused by cir- 
culating antibody. 

Porter also noted that the rejected xenografts showed variability in the histol- 
ogy, from total infarction, cellular infiltrates, interstitial edema and tubular 
necrosis, to only intimal hypertrophy. The antibody component of rejection 
has been the central issue of xenotransplantation since that time. 

A pig kidney and a pig heart, transplanted in the 1960s by Kuss [18] and Ross 
[19], respectively, were hyperacutely rejected in a matter of minutes, demonstrat- 
ing that the pig was not, and will not be, an easy donor for a human recipient. 

In 1968, the guidelines for defining brain death were published in the Journal 
of the American Medical Association [20]. Almost overnight, the availability of 
brain-dead, heart-beating cadaver donors eliminated the need to continue the 
quest for nonhuman donor organs. Widespread access to dialysis and United 
States government financing of the end-stage renal disease program allowed 
patients with kidney failure to live and wait for kidney transplantation, whereas 
previously kidney transplantation was the only alternative to death. Interest in 
xenotransplantation of kidneys gave way to pretransplant management with dia- 
lysis, and more timely transplantation with optimally functioning human kidney 
allografts. However, in the following two decades, the success achieved with allo- 
transplantation triggered a new organ shortage crisis, highlighted by the increas- 
ing number of patients dying while waiting for a human organ. This is particu- 
larly disturbing in certain candidate populations, such as neonates and small 
children, where donor scarcity is even more severe. Such was the rationale for 
the only attempt at human xenotransplantation in the cyclosporine era, when 
the shortage of neonatal hearts induced Bailey and coworkers [21] to use a 
baboon heart in a 2.2-kg neonate recipient in 1984. In spite of the cyclosporine, 
steroid, azathioprine, and antithymocyte globulin treatment, immunopathological 
events similar to the ones observed by Porter [16] 20 years before brought the 
baboon heart to irreversible failure within 3 weeks. No further attempts were 
made for almost a decade, until three human liver xenotransplantations, using 
two baboons and one pig, were performed in 1992 and 1993 [22-24]. The descrip- 
tion of the two baboon-to-human liver xenotransplantations, and the principles 
learned with this experience, are the subject of this chapter. 
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Work in the Laboratory and the Consensus Process 

In 1969, Sir Peter Medawar [25] stated: 

A new solution is therefore called for: the use of heterografts - that is to say, 
of grafts transplanted from lower animals into man. Of the use of heterografts 
I can say only this: that in the laboratory we are achieving greater success with 
grafts between species today than we achieved with grafts within 15 years ago. 
We shall solve the problem by using heterografts one day if we try hard 
enough, and maybe in less than 15 years. 

However, the laboratory work performed at different institutions in the follow- 
ing 15-20 years did not bring results that could encourage further clinical trials. 

In May 1992, a study performed in Pittsburgh by Murase et al. [26], using a 
hamster-to-rat xenotransplant model, was discussed at the meeting of the Amer- 
ican Society of Transplant Surgeons in Chicago. Murase’s work clearly showed 
that indefinite survival under tacrolimus (formerly FK506) was routinely achiev- 
able if it was combined, for the first two post-transplant weeks, with either of two 
“antiproliferative” drugs: mycophenolate mofetil (an inhibitor of purine synth- 
esis) or brequinar sodium (an inhibitor of pyrimidine synthesis). The use of 
cyclophosphamide, an alkylating agent with considerable B cell specificity [27, 
28], allowed similar consistent chronic survival after either heart or liver xeno- 
transplantation. Particularly significant was the fact that a single large dose of 
cyclophosphamide, given 10 days before the xenotransplant, allowed success in 
almost 100 % of the animals with only daily administration of tacrolimus. This 
work, together with the previous experience with cyclophosphamide [29, 30] 
as an effective drug in clinical transplantation, justified its use in a clinical xeno- 
graft trial. 



Pittsburgh Clinical Trial 

Planning 

Starting from this premise, in November 1991 the Pittsburgh Transplantation 
Institute notified the National Institute of Diabetes and Digestive and Kidney 
Diseases of the National Institutes of Health (J. Hoofnagle and P. Gordon), the 
Food and Drug Administration (R. Lieberman and G. Burke), and the Secretary 
of the Department of Health and Human Services (L. Sullivan) of the intention to 
proceed with the clinical liver xenotransplant project. Eight months were then 
needed to present the scientific documentation to the appropriate government 
agencies in the United States, the Institutional Review Board and the Ethics Com- 
mittee of the University of Pittsburgh Medical Center, and members of the United 
States Congress with special interest in health care problems [31]. Also, in March 
1992, a committee formed by six eminent European and American surgeons, 
coordinated by Keith Reemtsma of Columbia University, was brought together 
to hear the opinions of other experts before sanctioning the first clinical baboon 
liver xenotransplant. 
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After making several modifications to the initial protocol, on the basis of sug- 
gestions made by the various experts consulted, the first xenotransplant was per- 
formed on 28 June 1992, and the second on 10 January 1993. During the long 
interval between the first and the second, and despite authorization to perform 
four consecutive liver xenotransplants [32], it was chosen to bring together the 
same group of experts previously consulted, this time at the New York Academy 
of Medicine, so that they could analyze the results obtained in the first xeno- 
transplant. On this occasion, the Pittsburgh Transplantation Institute was advised 
to continue the clinical trial. 

The protocol for this human trial (approved by the Institutional Review Board 
of the University of Pittsburgh Medical Center [32] allowed baboon-to-human 
liver transplantation for the treatment of end-stage cirrhosis related to chronic 
active hepatitis B virus. In many areas of the world, infection with hepatitis B 
virus is endemic. Over 250 million people are affected by this disease worldwide 
[33], and it is also the most common cause of advanced liver disease and hepa- 
tocellular carcinoma. Recurrence of infection after liver transplantation is high in 
this patient population, especially in the subset with positive viral replication 
markers (e.g., hepatitis B “e” antigen and/or hepatitis B DNA positivity) [34, 
35]. In many institutions this disease is considered a contraindication for liver 
allotransplantation. Because the baboon liver is thought to be resistant to the 
development of chronic active hepatitis B [22], the principal benefit to the 
patients enrolled in this trial was the possibility that the xenotransplanted 
liver would not be reinfected by the viral disease. The transplant was therefore 
planned as a permanent replacement for the failing human liver. 



Choice of Donor Species 

Nonhuman primates, by sharing many physiologic and genetic characteristics 
with humans, seemed to qualify as donors for this attempt. Primates are com- 
prised of two suborders, Prosimii and Anthropoidea. Prosimian primates resem- 
ble squirrels or rats more than true monkeys. The Anthropoidea suborder can be 
further subdivided into families: New World monkeys. Old World monkeys, lesser 
apes, great apes, and man. From an investigational standpoint, the most fre- 
quently used species are the Old World monkeys. This family includes rhesus 
monkeys (Macaca mulata), cynomologus monkeys (Macaca fascicularis)^ and 
baboons (Papio cynocephalus, Papio sphinx, Papio gelada, and Papio hamadryas) 
[36]. Great apes include the chimpanzee {Pan troglodytes) and gorilla {Gorilla 
gorilla), but are not used in great numbers for research because of their endan- 
gered classification, although their genome and their size approximate those of 
humans more than lesser apes. 

The liver anatomy in all primates is similar, with a right and left lateral lobe 
placed dorsally and a single large ventral central lobe. The liver of the Macaca 
and Papio is notable for lobation, with four identifiable lobes. In the higher 
order of primates, the central lobe fuses with the right and left lateral lobes. 
The quadrate lobe is much narrower in non-human primates than in man, and 
the caudate lobe may fully encircle the inferior vena cava. The ligamentous 
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attachments are similar to those described in man. The portal venous system is 
essentially identical in the higher order of primates. The hepatic venous drainage 
is similar to man, with small short hepatic venous tributaries draining the right 
and central lobes, with two large hepatic venous branches, one right and one left. 
In all primates, the gallbladder lies closely attached to the right or central lobe. 
The gallbladder arterial supply is usually from a branch of the right hepatic 
artery. The common bile duct empties into the duodenum. 

The chimpanzee is most likely the best donor in biological terms, due to the 
very small genetic differences between this species and humans. However, their 
endangered status prevents their widespread use for scientific purposes. In the 
United States, only 25-50 chimpanzees may be used annually in biomedical 
research, including those used in acquired immunodeficiency syndrome (AIDS) 
research [37], and it is estimated that only 70 chimpanzees would be available 
worldwide as organ donors each year [38]. Therefore, it was decided that the 
donor in the Pittsburgh clinical trial would be the baboon, Papio cynocephalus. 



Donor Baboon Selection Criteria 

The baboons used as donors came from the Southwest Foundation for Research 
and Education, San Antonio, Texas, the same institution that supplied the 
baboons used in the previous kidney xenotransplant trial [15]. All the baboons 
used during donor selection were born in the United States [36]. 

Baboons have group A, B, and AB antigens weakly expressed in all cells, with 
group O baboons being extremely rare [39-41]. However, ABO incompatibility 
did not affect the results of previous clinical xenotransplant trial [15, 42]. An 
ABO match is desirable in a baboon-to-human xenotransplant, but its absence 
does not constitute an absolute contraindication. Both of our human recipients 
in this trial, blood group A and B, respectively, received livers from compatible 
histo-blood group donors. 

In addition to histo-blood group, donor selection criteria included a lympho- 
cytotoxic crossmatch, as well as a complete biochemical, viral and bacteriological 
evaluation of the animals [22]. In particular, infectious disease screening was 
performed at the Virus Reference Laboratory of the Southwest Foundation for 
Research and Education, San Antonio, Texas. All potential donors were screened 
for retroviruses (simian T lymphocytic virus, STLV; human T lymphocytic virus, 
HTLV; simian immunodeficiency virus, SIV; SRV-i; SRV-2; SRV-5; human immu- 
nodeficiency virus-1, HIV-i; HIV-2; foamy virus), herpesviruses (SA-8; herpes 
simplex virus, HSV; B virus; rCMV, cytomegalovirus; human CMV, hCMV; 
Epstein-Barr virus, EBV; varicella-zoster virus, VZV), and hepatitis A (HAV), 
B (HBV), and C (HCV) viruses. In addition, the baboons were examined to 
exclude tuberculosis and toxoplasmosis, and routine cultures of blood and 
feces were performed [43]. 

Baboons are physically smaller than humans. The maximum weight of an adult 
male baboon is about 30-35 kg. However, a liver from a smaller donor can rapidly 
grow to accommodate the size of a larger recipient [44]. A number of suitable 
donors were selected and quarantined before the xenotransplant. 
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Case Reports 

Donor Procedure 

The donor operation was performed using the traditional technique described by 
our group [45, 46]. The operations on the donor and the recipient were per- 
formed simultaneously, in two different operating rooms. Cold ischemia times 
were 80 min in the first case and 231 min in the second. University of Wisconsin 
solution was used to preserve the organs, as is done in our routine clinical prac- 
tice. 



Recipient Selection 

The first patient was a 35-year-old white male, who had undergone a splenectomy 
in 1989 following a motor vehicle accident. The patient was found to be HIV 
positive, but his CD4 lymphocyte count was normal, as were in vitro mitogen 
responses. The second patient was a 62-year-old white male with no previous 
abdominal surgery. Both patients had end-stage liver disease secondary to 
chronic active hepatitis B. In both patients, the principal complications of the 
liver disease were poorly controlled edema, fatigue, ascites, encephalopathy, 
and gastrointestinal bleeding. 



Operative Technique 

The liver xenotransplants were performed using a modification of the standard 
method [47], described 33 years ago [48], and employing a venovenous bypass 
[49]. The difference in diameter between the vessels of donor and recipient, 
and the small size of the donor’s liver (600 cm^ and 450 cm^ in the first and sec- 
ond cases, respectively) made it necessary to use the piggy-back method [50]. In 
both cases the right suprahepatic vein of the recipient was closed with a running 
suture, while the left and middle suprahepatic veins were used to perform the 
suprahepatic vena cava anastomosis. In the first patient, given the considerable 
size discrepancy between the recipient and donor portal veins, the latter was ana- 
stomosed end-to-end onto the recipient’s left portal branch, and the right branch 
was closed with a running suture. In the second case, a smaller discrepancy 
made it possible to perform a normal end-to-end portal anastomosis. 

The donor’s celiac axis was anastomosed end-to-end onto the recipient’s com- 
mon hepatic artery in the first case, and end-to-side onto the supraceliac recipi- 
ent aorta (using a donor carotid artery interposition graft) in the second. In both 
cases, the liver reperfused uniformly and produced bile on the operating table. 
The biliary anastomosis was done using a choledochojejunostomy on a Roux 
loop. In the second case, a small (3.5F) diameter catheter was placed into the bili- 
ary anastomosis and brought out through the abdominal wall (Fig. 1), in order to 
gain direct access to the bile duct to study its anatomy and take bile samples dur- 
ing the postoperative period. 
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Fig.l. Second liver xenograft 
(baboon-to-human) recipient. 
Cholangiogram performed on 
postoperative day i8 by 
injection through a percuta- 
neous biliary catheter. This 
catheter was placed during the 
xenotransplant operation 
(lo January 1993) across the 
choledochojejunostomy and 
allowed study of the biliary 
anatomy as well as daily 
collection of bile samples after 
the xenotransplantation. 

(From [96]) 



Immunosuppressive Therapy 

The immunosuppressive protocol comprised four drugs: cyclophosphamide, 
tacrolimus, methylprednisolone, and prostaglandin Ei. Cyclophosphamide was 
begun 2 days prior to the transplant, and administered for a total of 56 days in 
the first case and 10 days in the second, at a dosage varying between 0.07 and 
10.6 mg/kg per day. Tacrolimus, steroids, and prostaglandin were started on the 
day of the transplant, using the same protocol we follow in clinical liver allo- 
transplantation. Detailed descriptions of the immunosuppressive drug dosing 
and blood levels obtained are shown in Figs 2 and 3. 




Postoperative Course 

The first patient was extubated 17 h after the operation, he was placed on an oral 
diet on the fifth post-transplant day, and lived for 70 days. He spent most of this 
time in a regular hospital ward and had an almost normal plasma bilirubin level 
for the majority of the 70 days that he survived. The second patient, who was 
much older, never regained consciousness, remained icteric, and survived for 
only 26 days. Figures 2 and 3 illustrate their postoperative courses. The alkaline 
phosphatase was always very high in the first patient [51] (Fig. 2), while in the 
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second patient it was not as conspicuously high, although it was always above 
normal limits. 

The first patient underwent five liver biopsies, while the second had seven. 
Only the biopsy obtained from the first patient on the 12th postoperative day 
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Fig. 2. Clinical course of the first liver xenograft (baboon- to-human) recipient (28 June 1992). 
S.M., Solumedrol (methylprednisolone); PGE, prostaglandin E^; Bx, biopsy; AST, aspartate 
aminotransferase; ALT, alanine aminotransferase; Aik. Ph., alkaline phosphatase; FK5o6y tacroli- 
mus. (From [22]) 
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Fig. 3. Clinical course of the second liver xenograft (baboon-to-human) recipient (lo January 
1993). S.M.y Solumedrol (methylprednisolone); PGjB, prostaglandin Ei; Bxy biopsy; AST, aspartate 
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showed signs of mild focal cellular rejection, while no evidence of acute cellular 
rejection (according to the criteria routinely used in liver allotransplantation), 
was detected in any of the other biopsies from either patient [22, 23, 31, 52]. How- 
ever, direct immunofluorescence demonstrated the presence of endothelial depos- 
its of immunoglobulins (IgG>IgA>IgM) and complement (particularly Clq) in 
both cases [53]. No evidence of HBV reinfection was detectable by immunoperox- 
idase staining in the liver tissue at any time. Since the period of follow-up was 
short, no definitive conclusions can be reached regarding the possibility of long- 
term resistance of the baboon liver to hepatitis B recurrence. However, the most 
sensitive assay using polymerase chain reaction (PGR) could not detect hepatitis 
B DNA in the transplanted livers [54]. 

Macroscopically, considerable hepatic regeneration was noted in both cases, 
with a significant increase in the volume of the baboon organs. Computed tomo- 
graphy (CT) was used to calculate the volume of the transplanted livers [55]. Both 
livers showed an extremely rapid growth, as normally occurs when a human liver 
is transplanted into a recipient with a larger abdomen than the donor [44]. Fig- 
ures 4 and 5 show the CT performed on the two recipients on the 26th and 14th 
postoperative days, respectively. The first patient’s liver grew from an initial 
volume of 600 cm^ to 1555 cm^ in 26 days. The second patient’s liver grew from 
an initial volume of 450 cm^ to 1741 cm3 in 14 days. An angiogram performed 
on postoperative day 59 in the first patient showed that the vasculature of the 
transplanted xenograft had scaled up appropriately, i.e., the architectural rela- 
tionships were preserved as the liver increased in volume. 

Papio cynocephalus normally produces elevated levels of factor VII and low 
levels of factors IX and XI, as compared to humans. Coagulation profiles were 
measured in both recipients preoperatively and several times postoperatively. 
Our results [56] showed that the baboon’s coagulation pattern was acquired by 



Fig. 4. First liver xenograft 
(baboon-to-human) recipient. 
Abdominal computed tomo- 
graphy (CT) on postoperative 
day 26. The liver volume has 
increased to 1555 cm^, from an 
initial value of 600 cm^. (From 
[96]) 
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Fig. 5. Second liver xenograft 
(baboon-to-human) recipient. 
Abdominal computed tomo- 
graphy (CT) on postoperative 
day 14. The liver volume has 
increased to 1741 cm^, from an 
initial value of 450 cm^. (From 
[96]) 




the patients after liver xenografting, but this did not affect their clotting ability. 
No adverse effects of the presence of baboon proteins, such as immune-mediated 
kidney injury, could be detected at any time. 

In both patients there was evidence of an adequately functioning liver mass, 
such as: (a) normalization of coagulation with normal prothrombin time, (b) cor- 
rection of hyperammonemia, (c) normal arterial ketone body ratio (a reflection 
of hepatic energy stores) [57], and (d) clearance of serum lactate. However, both 
patients suffered from hypoalbuminemia and needed to receive frequent albumin 
infusion. The baboon liver did impact on the protein profile of both patients. 
Liver-specific proteins could be shown to be of baboon origin by serum protein 
electrophoresis (Fig. 6). Total complement levels were depleted for 1-2 weeks after 
liver xenotransplantation, similar to that reported in liver allotransplantation 
across a positive lymphocytotoxic crossmatch [9, 22, 23, 52, 53, 58]. 

The first patient went into renal failure on postoperative day 21, while the sec- 
ond patient became anuric immediately after surgery. Both patients suffered a 
number of infectious complications. Many of the organisms involved were typical 
of the agents seen after allotransplantation, e.g.. Staphylococcus, Candida, CMV, 
Enterococcus, and Aspergillus. In the first patient, both the recipient and donor 
were CMV positive. Attempts to determine the origin of the subsequent CMV 
infection to either human or baboon origin failed because of inability to culture 
the CMV from clinical samples in sufficient quantity to subtype. However, the 
susceptibility of both baboon and human CMV to ganciclovir makes the origin 
of this virus of lesser practical importance. 

The causes of death in both patients were multifactorial. In the first, a rise in 
both the alkaline phosphatase and total bilirubin prompted a percutaneous trans- 
hepatic cholangiogram on the 61st post-transplant day. Within ih after the pro- 




804 



I.R. Marino, H.R. Doyle, B. Nour, and T.E. Starzl 




Fig. 6. First liver xenograft (baboon-to-human) recipient. Protein electrophoresis of normal 
human (Hwm), baboon donor {Bab)y and patient serum (Pat). C3, complement; Tf, transferrin. 
(From [22]) 



cedure, the patient became hypotensive, febrile, and coagulopathic. He was intu- 
bated, stabilized, and his clinical condition improved significantly. A positive cul- 
ture for Aspergillus flavus was noted, and amphotericin treatment was started. 
On the last day of his life (post-transplant day 70), the patient was hemodynami- 
cally stable and was being weaned from the ventilator. Early in the afternoon he 
suddenly deteriorated neurologically, and a CT scan of the head revealed a mas- 
sive subarachnoid bleed. The autopsy showed, as cause of death, a subarachnoid 
hemorrhage due to angioinvasive aspergillosis. In this patient, two foci of asper- 
gillosis were found in the lungs, with focal dissemination to the kidneys and 
brain. The intrahepatic bile ducts were slightly dilated, and numerous bile 
infarcts were detected. Although the patient was in renal failure, the kidneys 
were intact and there was no evidence of immune complex deposition. 

The second patient died on the 26th post-transplant day from complications 
from peritonitis. It is likely that the high doses of corticosteroids used to control 
early immunologic damage were responsible for poor tissue healing, leading to a 
leak from the enteric anastomosis. 

There were some differences in the immunologic circumstances between the 
two cases. As mentioned before, the first patient had a splenectomy in 1989 fol- 
lowing a motorcycle accident, whereas the second patient still had his spleen, 
which was subsequently removed 4 days after the xenotransplant. 

The first patient was also HIV positive. Our center traditionally does not 
refuse transplantation to HIV-positive patients [59], but analysis of the immuno- 
logical parameters obviously differs in the case of an allotransplant. Although 
this first xenotransplant patient was considered immunocompetent at the time 
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of the transplant and had no change in this state during his postoperative course 
[22], it is difficult to judge whether his condition provided a natural immunosup- 
pression, and whether or not this represented an advantage. 

After completing the vascular anastomoses the second patient was given an 
infusion of bone marrow cells from the donor baboon (3XioVkg body weight). 
This was aimed at increasing the natural tolerogenicity induced by the liver 
transplant [60]. It is believed the liver has certain advantages in immunological 
terms on account of the large number of dendritic cells it possesses. These cells 
abandon the transplanted organ and participate in a two-way cell traffic, which 
gives rise to microchimerism [61, 62]. The autopsy on the first patient confirmed 
this expectation, since baboon DNA was found (using PCR amplification of 
baboon-specific DNA) in the patient’s heart, kidneys, lungs, and lymph nodes. 
All blood samples taken from the second patient during the postoperative course 
showed the presence of xenogeneic baboon DNA. 



Analysis of the Two Cases and Strategies For Future Clinical 
Xenotransplantation 

The most disquieting fact in our baboon-to-human liver transplant experience 
was the disparity between the paucity of the histopathologic findings of rejection 
(which was very encouraging), and the discouraging functional deficiencies of 
these xenotransplants, which suggested incomplete control of xenograft rejection. 
The pathology of the transplanted baboon livers was compared to that of six 
baboon kidney xenografts transplanted in Denver in 1963 [15, 16]. These kidneys, 
as we mentioned before, functioned for 10-60 days. The key pathological finding 
was an occlusive endothelialitis of the graft vessels, presumably antibody 
mediated. The pathology of those kidneys removed in 1964 [16] showed distal 
ischemia, caused by the vascular injury, that appeared to be responsible for 
the patchy gangrene of the xenografts. In the two recent liver xenotransplants, 
polymorphonuclear leukocytes were seen in the sinusoids immediately after 
reperfusion, and biliary sludging was detected at the autopsy. Both the sludging 
and the appearance of polymorphonuclear leukocytes were compatible with a 
diagnosis of an aborted hyperacute (humoral) rejection. Complement studies 
were also consistent with this possibility, showing that total complement was 
depleted for most of the critical first 2 weeks. While the complement system 
was restored, irreversible damage to the graft may have been already done [9, 
22, 23, 53]. Although these baboon liver xenografts looked macroscopically nor- 
mal, closer inspection showed a very fine microsteatosis, which was particularly 
obvious in the second patient. This may represent a sub-lethal immunological 
injury that precluded long-term success in both cases. 

We suspect that these livers were acutely damaged by an incomplete version of 
a form of rejection that was described in 1964 in ABO-incompatible kidneys [63, 
64], and seen later in kidney allografts transplanted across a positive lymphocy- 
totoxic crossmatch [17]. These were the first descriptions of hyperacute kidney 
rejection by preformed antigraft antibodies. A few years later, hyperacute rejec- 
tion was defined in a more sophisticated way as a complement activation syn- 
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drome, analogous to the Shwartzman and local Arthus reactions [65, 66]. It was 
pointed out that, although hyperacute allograft rejection was usually associated 
with antigraft antibodies, this was not an absolute requirement - a heretical 
statement at that time. However, the distinction between hyperacute rejection 
with and without preformed antibodies is merely the difference between the clas- 
sical pathway of complement activation, in which the first steps are antibody 
dependent, and the alternative pathway, which does not require an antibody trig- 
ger or the participation of complement components Ci, C2, and C4. These hyper- 
acute rejection syndromes, with or without preformed antigraft antibodies, are 
not fundamentally different from those seen after xenotransplantation of organs 
between genetically diverse species [9]. 

Many methods of manipulating the xenograft recipient have been tried and 
retried since the 1960s, without any definite success. These methods include anti- 
body suppression [67], antibody depletion [68-79], inhibition of the complement 
cascade [80-85], and inhibition of the inflammatory response [86, 87]. Alteration 
of the xenograft before its implantation, mainly by blocking antibody binding 
sites with recipient F(ab’)2 immunoglobulin fragments [76, 88, 89], has also 
been unsuccessful. 

The introduction of the concept of systemic chimerism has heightened interest 
in designing strategies aimed to alter the cell composition of the graft. The crea- 
tion of a transgenic pig, to be utilized as a source of organs for clinical xeno- 
transplants, has already been started in a few laboratories [90, 91]. The scientists 
working on this project have embarked on a program to produce pigs transgenic 
for human regulators of complement activation (e.g., decay-accelerating factor, 
DAF; CD59; membrane cofactor protein, MCP). This is achieved by microinjec- 
tion of human genomic DNA fragments into the pronuclei of fertilized porcine 
oocytes [92-94]. However, only one of the components of the xenotransplant bar- 
rier could be overcome by this strategy (namely, the complement cascade); there- 
fore it is difficult to hope that a complete control of rejection will be achieved by 
this method alone. 

One other extremely fascinating possibility is the production of chimeric 
organs. Human-to-baboon bone marrow transplantation has already been per- 
formed at the Pittsburgh Transplantation Institute laboratories, after conditioning 
with nonlethal irradiation [95]. In this experiment, two baboons preconditioned 
with 7.4 Gy total lymphoid irradiation were given unaltered human bone marrow 
cells at the dose of 6X10^ cells/kg body weight, without any subsequent treat- 
ment. Donor DNA was found widely distributed in the tissues of both animals 
when killed 18 months later. It is also interesting to note that graft-versus-host 
disease (GvHD) did not occur in either animal. As recently stated elsewhere 
[9], “it remains to be seen if incomplete or even full chimerism will change the 
image of baboon organs enough to make them viewed as allografts by humans.” 
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Introduction 

A logical method to cure insulin-dependent diabetes would be to transplant insu- 
lin-producing islets to the patient. For 20 years, considerable efforts have been 
invested into making such transplantations feasible. If this procedure is to be 
widely used, the supply of human islet tissue will not be sufficient. Animal tissue 
would then have to be relied upon. There are good reasons to believe that islets 
from animals can perform their physiological function in humans. Also, at this 
stage, islet transplantation is clearly the safest means of performing clinical trials 
in xenotransplantation. 

The transplanted islets are initially not vascularized, but subsequently become 
vascularized by vessels originating from the host. Thus the hyperacute rejection 
seen with a vascularized xenograft should not occur. Indeed, in vitro data from 
our laboratory indicate that although human natural anti-pig antibodies bind to 
fetal pig islet cells, they do not cause cell death [1]. 

With regard to islet xenotransplantation, the pig offers advantages as the 
donor animal: (a) porcine and human insulin are structurally similar, (b) pigs 
and humans have a similar glucose metabolism and a similar regulation of insu- 
lin release, and (c) porcine insulin has been used successfully over many years 
for the treatment of diabetes mellitus in humans. 

Porcine and bovine fetal pancreatic tissues have been transplanted into several 
diabetic patients in east European countries. There is, however, only limited 
scientific documentation concerning these cases, and they will not be discussed 
further here. A series of well-documented clinical xenoislet transplantations has 
recently been performed in Stockholm/Uppsala in Sweden. This chapter will 
summarize the clinical, metabolic and immunological events in the ten patients 
included in this series. 



Preclinical Studies 

Initial studies demonstrated that when the fetal pig pancreas was first digested 
with collagenase and then placed in tissue culture, a large number of islet-like 
cell clusters (ICCs) were formed. When such ICCs were transplanted into 
alloxan-diabetic nude mice, the majority of the fetal cells differentiated into P 
cells, and the animals became normoglycemic after 4-8 weeks [2, 3]. 
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Before pig ICCs could be transplanted to patients, the risk of transferring 
pathogens from animal to human had to be considered. To address this problem, 
a microbiological screening program was developed in a population of Swedish 
landrace pigs. These studies indicated that the transmission of identifiable infec- 
tious agents could be avoided if a stringent control program was used [4]. 

If the porcine material was to be given by an intraportal injection, there was 
also the possibility of disturbing liver function and the coagulation system of the 
recipient. This question was explored in a pig-to-dog model, and no adverse 
effects were found [5]. 

On the basis of these findings, a clinical trial with transplantation of porcine 
ICCs to ten diabetic patients was initiated in 1990 [6] with the approval of the 
Human Ethics Committee of the Karolinska Institute in Stockholm. 



Clinical Studies 

Xenograft, Patients, and Transplant Procedure 

Fetal porcine pancreatic tissue was obtained from pig fetuses (Swedish landrace) 
at a gestational age of 66-81 days (full term is approximately 120 days). The 
uterus was removed under sterile conditions. The average yield of ICCs from 
one fetus was about 10000. For a single transplantation, pancreases from 39- 
100 fetuses (4-8 litters) were used. 

All ten human recipients had long-standing insulin-dependent (type 1) dia- 
betes mellitus (IDMM) and had developed end-stage diabetic nephropathy. 
There were nine women and one man aged 30-47 years (mean, 40 years). The 
duration of IDMM was 21-40 years (mean, 30 years). The first eight patients 
had undergone cadaveric or living-related renal transplantation between 2- 
17 years earlier and were receiving conventional immunosuppression with cyclos- 
porine, prednisolone, and azathioprine. These eight patients were given the ICCs 
through a catheter placed (a) in the portal vein by percutaneous transhepatic 
puncture (six patients) or (b) in a mesenteric vein exposed by a small midline 
laparotomy (two patients). 

In two patients, the ICCs were placed under the capsule of a simultaneously 
transplanted living-related kidney allograft. Again, immunosuppression was 
with the same triple drug therapy. All ten patients were given adjunctive immu- 
nosuppressive treatment at the time of the xenoislet transplantation, with either 
rabbit antithrombocyte globulin (ATG) or 15-deoxyspergualin. 

In the first six patients, the number of ICCs transplanted intraportally varied 
between 330 000 and 520 000. In the last two patients, the numbers of ICCs were 
increased to 800 000 and 1 000 020, respectively. Signs of transient portal conges- 
tion occurred in the last patient. The numbers of ICCs placed under the kidney 
capsule were 200 000 and 410 000, respectively. Intravenous insulin was given for 
2 weeks to optimize metabolic control after transplantation. 
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Clinical Course After the Xenoislet Transplantation 

In seven of the eight patients given an intraportal injection of the xenogeneic 
ICCs, clinical vital signs, portal pressure, or electrocardiogram were all unaf- 
fected. Clotting parameters and liver function tests remained undisturbed. The 
patient who received the largest volume of ICCs (6.1 ml tissue) had a transient 
increase in portal pressure and some abdominal discomfort. Kidney graft func- 
tion remained stable. As a consequence of the increased steroid doses given 
after transplantation, blood glucose levels rose and insulin doses had to be 
increased in all recipients. When the dose of the immunosuppressive drugs 
had been tapered to maintenance levels, insulin requirements were similar to 
those before xenotransplantation. 

Graft function was assessed by analyses of porcine C peptide in serum and 
urine. Porcine C peptide in serum was not detected in any of the patients and 
the insulin requirements were not affected by the xenotransplant. However, 
small amounts of porcine C peptide were excreted into the urine of four of the 
eight patients who had received their ICCs intraportally. The duration and mag- 
nitude of the C peptide excretions are shown in Fig. 1. 

Neither of the two patients who had received the ICCs under the renal capsule 
showed any C peptide excretion. In one renal biopsy obtained on day 21, clusters 
of morphologically intact epithelial cells were identified. These cells stained posi- 
tively for insulin, glucagon, and chromogranin. A moderate infiltrate consisting 
mainly of mononuclear cells and eosinophilic granulocytes was seen adjacent 
to the xenogeneic cells (Fig. 2). 

Today (March 1996), 3-5 years after islet xenotransplantation, all ten patients 
are well with functioning renal grafts. 



Development of Xenoantibodies 

In all ten patients, irrespective of the immunosuppressive drugs given and 
whether C peptide excretion occurred, specific xenoantibodies were formed [7] 
(Fig. 3). Increases in the lympho cytotoxic antibody titers began after 10- 
14 days, with a peak reactivity occurring after 30-50 days. High titers of anti- 
body-dependant cellular cytotoxicity (ADCC) against porcine lymphoblasts 
developed in all patients, and the titers remained elevated for at least 100 days. 
There was no increase in the titers of alloantibodies, as evidenced by a panel- 
reactive lymphocytotoxic antibody test. In all patients, an increase in titers of 
isohemagglutinins was recorded, especially against blood group B antigens. 

In vitro absorption studies showed that xenoreactivity present in healthy indi- 
viduals could not be blocked by absorption with human red blood cells (RBCs) 
[7]. However, in the transplanted patients, xenoreactivities against pig antigens 
were partly inhibited by absorption with human RBCs, particularly of the 
blood group B. These data indicate that the increase in isohemagglutinins 
resulted from cross-reactivity with xenogeneic antigens. Using an enzyme-linked 
immunosorbent assay (ELISA) assay, increased antibody titers were also present 
against purified pig major histocompatibility complex (MHC) class I antigens. 
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Fig. 1. Urinary excretion of porcine C peptide in four patients transplanted with fetal porcine 
islet-like cell clusters (ICC) intraportally. (Healthy individuals excrete up to 43 000 pmol C pep- 
tide per 24 b) 



Titer increases were also detected against pig thyroglobulin, but not against 
actin, myoglobin, or haptenated bovine serum albumin (BSA) [8]. Antibody 
titers against tetanus toxoid were unaffected. The reactivity against porcine 
RBCs could be completely blocked by absorption with pig thyroglobulin. Since 
pig thyroglobulin contains the Galai- 3 Gal antigen, the reactivity against RBCs 
was most probably mainly due to antibodies against this oligosaccharide epitope. 
These conclusions were substantiated by the finding that the antigenic determi- 
nant of the pig thyroglobulin was completely destroyed by treatment with a- 
galactosidase, but not with P-galactosidase. Further studies showed that immune 
reactivity against pig RBCs, platelets, islet cells, endothelial cells, and pig MHC 
class I molecules caused by xenoimmunization was almost completely blocked 
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Fig. 2 . a Insulin- and b 
glucagon-positive cells in 
a biopsy specimen from a 
kidney allograft with fetal 
porcine islet-like cell 
clusters placed under the 
capsule. X450 




either by absorption of antibodies on a Sepharose column with beads coated with 
Galai-3Gal or by pretreatment of the antigen with a-galactosidase [8] (Fig. 4). 

Western blot experiments revealed that both the natural and xenoimmune 
antibodies reacted with a large number of different glycoproteins [8]. There 
was no difference in heterogeneity of the response when comparisons were 
made between pre- and post-transplantation sera, nor was there any difference 
in patterns caused by IgM or IgG antibodies. Absorption studies revealed that 
the Galai-3Gal epitope was present in a large number of different glycoproteins, 
a conclusion verified by staining with the eluate from a thyroglobulin-immu- 
noabsorbent column. No direct evidence was found of reactivity against any por- 
cine proteins nor of specific immunization against porcine MHC peptides [8]. 

When glycosphingolipid antigens were prepared from various pig organs and 
separated on thin layer plates, both IgM and IgG antibodies in the pretransplant 
sera bound to several glycolipid fractions from the tri-, tetra-, and pentasacchar- 
ide regions, but also to compounds with longer carbohydrate chains [9]. In the 
post-transplant serum samples, stronger binding, compared to the pretransplant 
samples, was noted for both Ig classes. Strong binding was seen in the pentasac- 
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Fig. 3a,b. Kinetics of IgM 
{white circles) and IgG {black 
circles) antibody production 
after transplantation of por- 
cine islet-like cell clusters in a 
patient, a Peripheral blood 
leukocyte (PEL) membrane 
components and b purified 
pig major histocompatibility 
complex (MHC) class I mole- 
cules served as the target 
antigens. OD, optical density 
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charide region known to contain the (“linear B”) Galai-3GalBi-4GlcNAcfii- 
3GalBi-4Glcfii-iCer. There was no convincing evidence of the recognition of 
new specificities. Adsorption of patient serum to a Synsorb column with 
Galai-3Gal specificity did not grossly change the binding pattern of the IgG anti- 
bodies in the effluate. However, the eluate from the column showed strong bind- 
ing to the “linear B” compound but also to glycolipids with longer carbohydrate 
chains prepared from porcine aorta and presumably carrying the same terminal 
epitope, Galai-3Gal [9]. 
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Fig.4a,b. Xenoreactivity (IgG + IgM) measured by enzyme-linked immunosorbent assay (ELISA) 
and expressed as optical density (OD) in sera from a patient transplanted with porcine islet-like 
cell clusters, a Islet cells or b endothelial cells served as targets (see text). Columns 1-3 represent 
pretransplant sera: 1, unmodified antigen; 2, a-galactosidase-treated antigen; 3, Galai,3Gal-absorbed 
serum, unmodified antigen. Columns 4-8 represent post-transplant sera: 4, unmodified antigen; 
5, p-galactosidase-treated antigen; 5 , a-galactosidase-treated antigen; 7, Galai,3Gal-absorbed 
serum, unmodified antigen; 8, Galai,3Gal-absorbed serum, a-galactosidase-treated antigen 



Comment 

Our evidence suggests that some transplanted pig ICCs remained viable for sev- 
eral months. Thus porcine C peptide was excreted in the urine of four of the reci- 
pients. The fact that several weeks passed before C peptide was excreted is com- 
patible with the findings in our experimental studies [2, 3]. This delay 
presumably represents the time required for fetal precursor cells to mature and 
differentiate into insulin-producing cells. 

The identification of viable insulin- and glucagon-containing cells under 
the kidney capsule in one of the biopsy specimens provides further evidence 
that the transplanted porcine cells could survive in humans. Somewhat sur- 
prisingly, there was only a moderate inflammatory reaction around the pig 
cells. 

All patients developed a prolonged xenoantibody response against pig anti- 
gens. The antibody response was directed mainly against carbohydrate antigens 
on the pig cells, and seemed to detect a limited number of epitopes, with 
Galai-3Gal being the major target. However, other structures may also be targets 
for xenoreactive antibodies. The immunization caused by the porcine cells did 
not initiate antibody production against new carbohydrate epitopes, but rather 
an increased production by the existing antibody- forming clones [10]. 

Our experience indicates that fetal pig islet-like cell clusters can be safely 
transplanted into diabetic patients, intraportally or under the kidney capsule. 
Following such transplantation, the porcine cells can survive for weeks or 
months. In human alloislet transplantation, the intraportal route has been 
favored by most investigators. Portal congestion, however, may occur, as hap- 
pened in our patient given the largest amount of tissue. In rodents, the subcap- 
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sular renal site has been found to be effective. This site has the advantage of 
allowing for graft monitoring by percutaneous graft biopsies. 

Thus further trials with pig-to-human islet transplantation seem justifiable. To 
achieve clinical benefit, however, a greater and more lasting insulin production is 
needed. Several measures might improve the clinical results. These include the 
depletion (or blocking) of the xenogeneic antibody before transplantation, and 
the use of other new, potent immunosuppressive drugs. Recent studies in our 
laboratory have shown that combination therapy with cyclosporine and 15-deox- 
yspergualin, mycophenolate mofetil, rapamycin or leflunomide can prevent 
xenoislet rejection in a pig-to-rat model [11, 12]. Other alternatives include in 
vitro immune modulation of the xenograft, or its immune isolation by the use 
of encapsulation. The use of islets from transgenic pigs expressing a human com- 
plement inhibitor might offer an advantage, and adult pig islets might provide 
earlier and better function. However, the problem of obtaining a sufficient num- 
ber of islets of good quality from the adult pig pancreas remains to be solved. 
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Introduction 

The knowledge of blood group erythrocytes having a “weak” A antigen expres- 
sion, together with the work of Ceppelini [i, 2] describing successful A^ to O skin 
transplantations, were the incitements to start a clinical trial with A^ to O human 
kidney transplantations [3]. The trial was successful, but at first impossible to 
publish in internationally well-renowned scientific journals, as reviewers were 
afraid of dismantling the well-known and safe selection rules of Landsteiner [4]. 

In 1987, two international conferences (Philadelphia, USA and Goteborg, Swe- 
den) took place on the subject of AB 0 -incompatible organ transplantations. 
These two conferences showed beyond doubt that the blood group ABO barrier 
could be surpassed either by carefully selecting donor (subgroup A2) and recipi- 
ent (low titers of anti-A antibodies) or by extensive immunosuppression. In edit- 
ing the proceedings of the two meetings, two of us (B.E. Samuelsson, M.E. Brei- 
mer) had several stimulating discussions with Felix Rappaport, editor in chief of 
Transplantation Proceedings, discussions that were decisive for us. This was the 
first time we realized the conceptual similarity between ABO-incompatible 
human alio- and xenotransplantations, as formulated in the foreword to the pro- 
ceedings of the two conferences [5]: 

“We do, however, strongly believe that with these basic, experimental and clin- 
ical studies on ABO-incompatible transplants, and the ability to delete or neu- 
tralize preformed antibodies, we have a unique opportunity to study basic bio- 
logic and immunologic phenomena in man, which ultimately will open up new 
vistas in the field of alio- as well as xenotransplantation” 

Our studies concerning the A2 to O kidney transplants had at that time already 
revealed structurally new blood group ABH antigens in human kidney [6, 7], and 
later we also showed an individual specific distribution of these antigens in single 
human kidneys [8-10]. We also elucidated the humoral immune response against 
the incompatible A antigens, showing the fine specificity of immune antibodies 
[8, 9, 11, 12]. The incompatible glycosyltransferase was in these cases also 
shown to be immunogenic [13]. The phenomenon of accomodation in ABO- 
incompatible organ transplantation turned out to be a reality, since expression 
of A antigens in the presence of circulating antibodies was shown in some of 
these patients [10]. 

On pursuing our core line of scientific work, aiming towards an understanding 
of the expression of glycosphingolipid-based carbohydrate antigens in different 
cells, organs, and species, pig intestinal mucosa was used as a rich source for gly- 
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cosyltransferases in biosynthetic experiments [14, 15]. After some time we 
became aware of trials in England (later published in [16, 17]), where a pig kid- 
ney was extracorporeally coupled to a human recipient after removal of plasma 
anti-pig xenoantibodies. The similarity between ABO-incompatible organ trans- 
plantation and xenotransplantation was the background for a turn in our research 
direction into the xenotransplantation field. The description of the carbohydrate 
antigen expression in pig kidney was the first example of this change [18]. 

In 1989, Ken Welsh, David Taube, and Per Gjorstrup visited our laboratory 
with a specific request of collaboration to define the carbohydrate antigen in 
pigs against which human natural anti-pig antibodies were directed. Their pre- 
cise definition of the problem was based on experiences from the Dulwich “ex 
vivo” experiments [16, 17], in which pig kidneys had been extracorporeally con- 
nected to a volunteer dialysis patient. A collaboration was initiated and the 
hypothesis of sulphatides being one target xenoantigen was the first result of 
this collaboration [19]. The collaboration has continued [20-22]. 

In the summer of 1989, Holgersson in our laboratory started agglutination stu- 
dies of pig red blood cells with human serum. This was initiated by the papers of 
Galili et al. about the Galai-3Gal epitope expression in New World monkeys and 
lower vertebrate animals, but not in Old World monkeys and higher primates, 
and the reciprocal appearance of anti-gal antibodies along the evolutionary 
tree [22-26]. His results indicated that human serum contained IgM antibodies 
which could be absorbed on Galai- solid phase columns and that the antibodies 
eluted from the column had the capacity to agglutinate pig red blood cells. 
Although enthusiastic at first, we were discouraged by the discovery of the gly- 
coproteins gpii5-i30, which were described as the target antigens for human 
anti-pig antibodies [27], although a terminal galactose seemed to play a role. 
Furthermore, our basic biochemical education misled us to believe our red cell 
agglutination data to be unreliable and “soft.” In spite of our awareness of 
Galai- being a potential xenoepitope and the obvious presence of biochemical 
data, our first structural paper on glycolipids in pig kidney [18] did not contain 
this information. At the time of publication this was realized, but we were not 
permitted to add an erratum [28]. The structure of the Galai- pentaglycosylcer- 
amide was described later both in pig kidney [21, 29] and in pig aorta [21, 22]. 
The excellent early data produced by Cooper et al., Oriol et al., and McKenzie et 
al. [30-34] strengthened our view and convinced us that carbohydrate antigens in 
general and the Galai-3Gal epitope in particular were important mediators in the 
hyperacute rejection phenomenon. 

An important contribution to our conceptual understanding of the problem of 
xenotransplantation was the experiments performed by Alexandre et al. showing 
that pig kidneys could be transplanted to monkeys [35] using the same immunosup- 
pressive protocol as for major ABO-incompatible human allotransplantation [36]. 

In 1991, a collaboration was established with the transplant unit at Huddinge 
Hospital, Stockholm, on fetal islet-like cell transplantations to diabetic patients, 
with the aim to define the carbohydrate specificity of antibodies being produced 
after infusion of cells. The main findings in those studies are presented in 
Chap. 59 (this volume); they confirmed the Galai-3Gal antigen to be of major 
importance in pig-to-man xenotransplantation [37]. 
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A Human Trial 

Planning 

Reconsidering the Dulwich experiments (see above) [i6, 17], it became obvious to 
us that these had to be repeated. These were two single experiments using one 
recipient and one donor animal. Were the conceptually very important findings 
of a singular or general nature? A problem in the interpretation was the extensive 
immunosuppression used, which would undoubtedly mask a multitude of biolo- 
gical events not necessarily all forseeable. We also stated that basic human 
experiments without interference of drugs must be performed. After almost a 
year of intellectual “build up,” we decided to start preparing for such human 
experiments in 1993. Ken Welsh, David Taube, Richard Binns, and Tom Cairns 
generously shared their experience with us, and Ken Welsh later took part in 
our first trial as an observer. 

Several groups were created, encompassing nephrologists, transplant surgeons, 
serologists, immunologists, pathologists, anesthesiologists, and others. A patient- 
oriented group was responsible for patient selection, information, preparation, 
ethical issues, etc. A pig kidney perfusion group was created with the object to 
study kidney physiology, perfusion characteristics, reaction with autologous 
blood and with human blood manipulated in several different ways. This 
group also took the responsibility for the experimental setup in the final 
human experiments and for questions about microbiology and virology. Another 
group established techniques for monitoring of anti-pig antibodies. At this time 
Gunnar Tufvesson was head of the transplant clinic and was an active member of 
the planning group. Experiments were set up by this group to study the removal 
of antibodies by plasmapheresis and immunoadsorption [38]. The effect of anti- 
body blocking with soluble saccharides was also studied [39]. 

After an additional 1.5 years of preparation, we were ready to start. The ethical 
committee of the Medical Faculty gave us permission to perform two initial 
experiments. These experiments were performed in 1995 and are described 
briefly below and in detail elsewhere (xenotransplantation 1996 accepted). 



Establishment of an In Vitro Pig Kidney Perfusion Model 

The initial work was to develop an in vitro pig kidney perfusion model for xeno- 
transplantation studies. We found it important to characterize kidney function 
both by physiological and histological techniques [39]. This work also trained 
us in all the practical details necessary for the human experiments. 

Another important issue was the risk of transferring any infectious disease to 
the volunteer patients. Furthermore, this issue is of great importance concerning 
immunosuppressed organ recipients in the future. After reviewing the literature, 
we decided to use pigs which had been bred under a defined microbiological 
environment and were known to be free from a number of known bacterial, 
viral, and parasitic pathogens. A test operation under routine surgical conditions 
was performed, and the pig kidney tissue was delivered to the Department of 
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Microbiology for investigation. The pig had received two doses of antibiotic 
before the operation. The kidney tissue was investigated using all the techniques 
available, including inoculation into cultures of human and monkey cell lines 
and culture for extremely slow-growing bacterial and virus species. All these stu- 
dies were negative. 



Patient Selection Criteria and Pretreatment 

The selection of dialysis patients was based on several important points. Except 
for their kidney disease, the patients had to have no other potentially serious dis- 
ease and be in good condition for the experiment. He or she should be on hemo- 
dialysis using a well-functioning arteriovenous (AV) fistula and should be known 
to tolerate dialysis without problem. Another very important criterion was that 
the patient should have an intact intellectual capacity, be mentally strong and 
independent, and have the capability to refuse to participate in the trial. The 
patients were pretreated by daily plasmapheresis on days -2, -1, and o to remove 
the preformed anti-pig xenoantibodies. Some clinical data are listed in Table 1. 



Extracorporeal (Ex Vivo) Perfusion of Pig Kidneys 

The pig kidney was connected to the patient’s AV fistula by two dialysis pumps, 
similar to the system used in ordinary dialysis. The perfusion pressure was con- 
trolled by the speed of the pump. Permeable membrane ports were located before 
and after the kidney for blood sampling. The patient was supervised by conti- 
nous electrocardiographic, blood pressure, and pulse oximetry recording. A pul- 
monary artery catheter was used for central hemodynamic monitoring. No drugs, 
except for i.v. heparin, were given before or during the experiment. 



Tablet. Selected clinical data 
of the two patients who 
participated in the pig kidney 
perfusion trial 



Characteristic 


Patient 1 


Patient 2 


Age (years) 


44 


47 


Sex 


M 


M 


Disease 


CGN 


CGN 


Previous allografts {n) 


1 


0 


Anti-pig lympocytotoxic titer at start 
of perfusion 


2 


1 


Anti-pig red blood cell titer at start 
of perfusion 


4 


1 


Kidney perfusion time (min) 


65 


15 



CGN, chronic glomerulonephritis. 
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Patient i. After an initial high blood flow for 5 min, the pump speed had to be reduced to keep a 
perfusion pressure of lOOmmHg. When a minimum pump flow of 30ml/min was reached after 
25 min, the perfusion pressure continously increased and the perfusion was terminated after 
65 min at a pressure of 200 mmHg. Clear urine was produced by the pig kidney until the 
perfusion pressure rose above 100 mmHg, which resulted in hematuria. The patient revealed 
no subjective discomfort, and no changes in objective clinical monitoring parameters were 
observed. ^^Cr clearance studies revealed the kidney to be nonfunctioning at the end of the 
experiment. A slight fall in platelet count was seen, while the hemoglobin and leukocyte 
counts were not affected. Light microscopy examination of the kidney revealed a picture of a 
delayed hyperacute rejection. 

A few weeks after perfusion, the humoral immune response of patient i 
showed a strongly increased reactivity against pig cells. Immunochemical analy- 
sis of pre- (before apheresis treatment) and postperfusion serum samples is 
shown in Fig. i. Strong increases of binding to the pig kidney and to rabbit 
small intestine are seen in the postperfusion serum sample. Rabbit tissues are 
known to express large amounts of Galai- 3 Gal determinants. 

Patient 2 . The blood flow was initially about 170ml/min at a perfusion pressure of 100 mmHg, 
and increased thereafter during the first few minutes and remained stable at 200 ml/min. Clear 
urine, which became increasingly yellow, was produced. At 14 min the patient did not feel well, 
developed chest and abdominal pain, and vomited and the blood pressure started to decline. 
The perfusion was terminated. Transient electrocardiographic signs of myocardial ischemia 
appeared. The patient was transferred to the intensive care unit and recovered quickly. No 
laboratory or electrocardiographic signs of myocardial tissue damage were found, and his 
physical and mental status is now identical to that prior to the experiment. ^^Cr clearance 
studies revealed an increase in clearance value to about 12 ml/min at the end of the 
experiment. A considerable consumption of platelets was noted as measured In blood 
samples taken before and after perfusion of the pig kidney. Light microscopy examination 
showed very minor structural changes compared to the contralateral reference kidney of the 
same donor pig. 



Comment 

The results of the first two ex vivo perfusions indicated: 

1. The importance of removing anti-pig antibodies to a sufficiently low level 

2. The possibility of other carbohydrate antigens, besides Galai- 3 Gal, being 
important for the acute/chronic rejection (data to be published) 

3. The phenomenon of platelet trapping/destruction as a non-antibody-mediated 
xenoreaction between pig endothelial cells and human platelets 

To explore these issues, experiments at basic cell biological and biochemical 
levels are needed. We are pursuing the issue of platelet interaction with pig 
endothelial cells. We are also investigating additional target antigens in pigs 
and other animals. 

A perfusion medium which does not contain any biologically active com- 
pounds (based on a buffer solution, colloids and oxygen transporter) for 
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Fig.1. a Thin-layer plate with a chemical (anisaldehyde) staining. Lane R, total neutral glycolipids 
from human Ai Le(a-b+) plasma. The figures to the left indicate the approximate number of 
sugars in each band. Binding of b,c IgM antibodies and d,e IgG antibodies. Chromatogram bind- 
ing assays obtained b,d before apheresis and c,e 5 weeks after the perfusion experiment, showing 
binding of serum to glycolipid antigens from different pig organs and rabbit small intestine. The 
amount of each glycolipid applied was 20 pg. Serum samples were used in a 1:20 dilution. Lane 1, 
total neutral glycolipids from pig aorta; lane 2, total neutral glycolipids from pig serum; lane 3, 
total neutral glycolipids from pig kidney; lane 4, total neutral glycolipids from pig erythrocytes; 
lane 5, total neutral glycolipids from rabbit small intestine 
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Fig. 2. Light micrograph of a pig kidney perfused for 55 min at 37 with a perfusion medium 
consisting of Tyrodes solution, bovine serum albumin, orosomucoid, urea, and human erythro- 
cytes. The kidney was flushed with Euro-Collins solution after the perfusion. Very little struc- 
tural damage to the tissue is seen. The nuclei of the endothelial cells are present in the intima 
of both the interlobular artery and the arteriole (arrows), indicating that the cells are intact. The 
glomeruli, peritubular capillaries, and the tubular epithelium are also well preserved. H&E; ori- 
ginal magnification, X350 



short-term kidney perfusion is under development (Figs. 2, 3). Various reagents, 
such as mono-/polyclonal antibodies, platelets, and leukocytes (and combina- 
tions of these), could be added to this medium, and their interaction with the 
vascular endothelium studied. Additional extracorporeal ex vivo human perfu- 
sion experiments with pig kidneys are planned with the purpose to elucidate 
(a) the effect of solid-phase adsorption with synthetic carbohydrates, (b) the 
effects of different types of drugs on the immune response, and (c) the stability 
of platelets. An obvious continuation of the human trials would be to use pig 
strains transgenic with respect to human complement inhibitory proteins [40]- 
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Fig.3a,b. Electron micrograph of the same kidney as described in Fig. 2. a A small arteriole show- 
ing intact endothelium but with damage to individual endothelial cells (arrows). Several of the 
remaining endothelial cells show vacuoles, indicating cell damage. X4450. b Peritubular capillary 
with an endothelial cell nucleus (lower). An intact cell basement membrane extends around the 
capillary (single arrows). Signs of activation/damage with projections of the endothelial cell 
membrane are seen in some areas (double arrows). Note the intact brush border of the proximal 
tubule epithelium at the lower right. OsO^ fixative, contrasted with uranyl and lead. Original 
magnification, X5750 
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